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Summary 
 
This thesis deals with the structural evolution of the deepwater fold and thrust belt 
offshore Sabah, NW Borneo that represents a proven hydrocarbon play. 
Based on reprocessed and depth-migrated regional 2D seismic data, acquired in 
1989 by the Federal Institute for Geosciences and Natural Resources (BGR), a 
detailed documentation of the styles of deepwater folds and their associated stratal 
pattern was carried out. Structural restoration enabled the quantification and 
evaluation of folding and thrusting mechanisms through the time.  
A variety of fold systems was documented including (1) anticlines with large 
interlimb angles that exhibit no seafloor expression; (2) anticlines with medium 
interlimb angles, seafloor relief and a faulted anticline crest; (3) anticlines with 
small to medium interlimb angles, with seafloor expression and flanks associated 
with slides and slumps, and finally; (4) anticlines with small interlimb angles that 
are commonly buried by a thick sedimentary overburden and, in places, modified 
by superimposed syn-sedimentary, deltaic normal faults. A section per section 
analysis shows that the widest anticlines occur in the most seaward part of the fold 
belt next to the present-day thrust front, whereas the narrower anticlines are 
located further landward. If viewed along strike of the deepwater fold belt, there 
are significant variations in the geometry of laterally corresponding, 
contemporaneously developing fold systems. These architectural differences could 
be explained by rock inhomogeneities in the deformation wedge, variable surface 
slope, irregular basement topography, differential sediment input or the presence of 
subsurface gas hydrates.  
Balancing and structural restoration throughout the entire deepwater fold and 
thrust belt reveals that Pliocene to recent gravity-driven shortening decreases from 
south to north, while the total amount of shortening increases slightly to the north. 
Consequently, the amount of purely basement-driven compression along NW 
Borneo increases towards the north. Most of the shortening is late Pliocene and 
younger indicating that the tectonic shortening is an ongoing process. 
Across the fold and thrust belt, the main thrust and fold activity appears to be 
largely of Pliocene–Holocene age. An apparent maximum of both, incremental and 
total shortening, is located in the central part of the study area. This location 
coincides with the maximum width of the fold-thrust belt and the preferential 
location for the development of the most recent deepwater anticlines. 
 
 
Zusammenfassung 
 
Die vorliegende Arbeit befasst sich mit der strukturellen Entwicklung des 
Tiefwasserfaltenüberschiebungsgürtels Sabah (NW Borneo). 
Basierend auf einer reprozessierten und tiefenmigrierten 2D Seismik, akquiriert von 
der Bundesanstalt für Geowissenschaften und Rohstoffe im Jahr 1989, wurde eine 
detaillierte Dokumentation der Tiefwasserfaltengeometrien nebst assoziierter 
Ablagerungsmuster durchgeführt. Eine strukturelle Restauration ermöglichte die 
Bewertung und Quantifizierung der Überschiebungsmechanismen durch die Zeit 
hinweg. 
Es wurde eine Vielzahl von Faltensystemen dokumentiert: (1) Antiklinalen mit 
einem großen Öffnungswinkel (interlimb angle) und assoziierter 
Seebodenmorphologie; (2) Antiklinalen mit einem mittleren Öffnungswinkel, einem 
Seebodenrelief und einem gestörten Scheitel; (3) Antiklinalen mit einem kleinen bis 
mittleren Öffnungswinkel, einem begleitenden Seebodenrelief und durch 
Massenströme (slides, slumps) geprägte Faltenflanken; (4) Antiklinalen mit einem 
geringen Öffnungswinkel, die häufig von mächtigen Sedimentpaketen überdeckt 
sind und vereinzelt durch überlagerte syn-sedimentäre, deltaische 
Abschiebungssysteme modifiziert wurden. Eine Analyse der Profile zeigte, dass die 
„weiten“ Antiklinalen (großer Öffnungswinkel) im distalen Teil, nahe der heutigen 
Überschiebungsfront des Faltenüberschiebungsgürtels anzutreffen sind. Die 
„engeren“ Antiklinalen (geringer Öffnungswinkel) treten hingegen im proximalen 
Bereich des Faltenüberschiebungsgürtels auf. Überdies wurden im Streichen des 
Faltenüberschiebungsgürtels signifikante Variationen der Faltenarchitektur 
dokumentiert. Diese geometrischen Variationen könnten auf Inhomogenitäten des 
Gesteins, eine variierende Oberfläche des Kontinentalhanges, eine unregelmäßige 
Grundgebirgstopographie, einen variierenden Sedimenteintrag oder das Auftreten 
von Gashydraten zurückgeführt werden.  
Mit Hilfe einer Bilanzierung und strukturellen Restauration des  
Tiefwasserfaltenüberschiebungsgürtels wurde gezeigt, dass die schwerkraftbedingte 
Verkürzung im Überschiebungsgürtel von Süden nach Norden hin abnimmt; 
wohingegen der Gesamtverkürzungsbetrag geringfügig nach Norden hin ansteigt. 
Der größte Verkürzungsbetrag tritt in den spät-pliozänen und jüngeren Sedimenten 
auf, was darauf schließen lässt, dass die tektonische Verkürzung rezent noch 
anhält. 
Die größte Überschiebungs- und Faltenaktivität wurde vom Pliozän bis zum Holozän 
nachgewiesen. Das Maximum der Gesamt- sowie der inkrementellen Verkürzung 
wurde im zentralen Teil des Arbeitsgebietes evaluiert. Überdies zeigt dieser Teil des 
Überschiebungsgürtels die maximale laterale Ausdehnung des gesamten 
Faltenüberschiebungsgürtels und stellt den Bereich des Überschiebungsgürtels dar, 
der die meisten rezenten Tiefwasserantiklinalen aufweist.  
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 Introduction 
Introduction 
Borneo is located at the south-eastern side of the South China Sea and occupies a 
central position in plate configuration of SE Asia. The north-western portion of 
Borneo is a hydrocarbon-rich province and characterised by contrasting structural 
styles including extension, tectonic inversion and compression. 
 
The deepwater portion of NW Borneo contains a large, basinward-thinning, Middle 
Miocene to recent deepwater clastic wedge that is deformed by numerous 
compressional folds and thrusts. Significant research and exploration efforts in 
deepwater NW Borneo have been carried out in the recent years, but there are still 
questions concerning the controlling mechanisms of deepwater folding and 
thrusting. There are two main interpretations: (1) Hinz et al. (1989) related the 
formation of the deepwater fold and thrust belt to a continent-continent collision, 
with a regional compressional regime active until today; (2) in contrast, e.g. 
Hazebroek and Tan (1993) compared the compressional folds and thrusts with 
thrusts at the toe of the Niger Delta, suggesting that the deepwater folding and 
thrusting offshore NW Borneo developed in response to gravitational delta 
tectonics. Following this interpretation, the NW Borneo basin would represent a 
passive margin. Besides these two end-member interpretations e.g. Hinz et al. 
(1989) and Hazebroek and Tan (1993) suggest a concept that deals with both 
mechanisms. Ingram et al. (2004), for instance, proposed that the fold and thrust 
belt has developed under the combined influence of tectonic compression (crustal 
shortening) and compression due to gravity-related tectonics.  
  
The aim of this thesis is to analyse and discuss the folding and thrusting 
mechanisms and to quantify the compressional movement of the fold and thrust 
belt of NW Borneo. Reprocessing and depth migration of the multi-channel 2D 
seismic dataset (BGR86) enabled the imaging of true subsurface geometries of 
faults, folds and synkinematic deposits that were interpreted in detail. Structural 
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and seismo-stratigraphic interpretations ultimately enabled both, the detailed 
description and interpretation of the style of deepwater folds, the associated stratal 
patterns across the fold-thrust belt and a systematic retro-deformation and 
structural balancing of the continental margin.  
 
The thesis comprises 3 sections. The first section (Chapter 1) introduces the 
structural and seismo-stratigraphic interpretation for the characterisation of the fold 
geometries across the fold and thrust belt, and the following sections (Chapter 2 
and 3) focus on structural restoration and balancing. The key scientific relevance of 
these chapters is as follows: 
 
Chapter 1 presents a detailed seismic interpretation of the fold system across the 
deepwater fold-thrust belt of NW Borneo. Several aspects of folding were 
considered including the documentation of fold-growth, reflector-termination 
around folds, gravity-related slump patterns and of unconformities. Fold relevant 
angles such as slope, interlimb, forelimb and backlimb angle were determined and 
four different types of thrust-hangingwall anticlines were documented. The 
relationship of fold style and interlimb angles shows a general landward decrease of 
fold interlimb-angles which relates to the maturity of a fold. There are significant 
variations in the geometry of laterally corresponding, probably contemporaneously 
active fold segments that cannot be explained by a simple age-based scheme for 
fold development. These variations most likely result from the additional influence 
of several, area-specific controlling factors including large-scale lithological 
inhomogeneities within the deformation wedge, variable surface slopes, an irregular 
topography of the basement below the fold-thrust system, lateral variations in 
sediment input and storage, and the presence of gas hydrates in the subsurface.  
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Chapter 2 analyses and discusses the structural evolution of the deepwater fold-
thrust belt of NW Borneo. Detailed seismic interpretations are used for a geometric 
retro-deformation of six balanced seismic cross sections covering a large part of the 
deepwater portion of NW Borneo.  
Key results of this tectonic reconstruction are that total crustal shortening across 
the fold-thrust belt ranges between 8 and 13 km. These values represent the sum 
of shortening calculated for three incremental time steps, (I) late Pliocene to recent 
(5 – 7 km per section), (II) early Pliocene to late Pliocene (2 – 4 km per section), 
and (III) latest Miocene to early Pliocene (1 – 3 km per section). Both, total 
shortening and incremental shortening are distributed in an arc-shape across the 
study area with its maximum in the central study area. The data indicates that total 
shortening generally increases through time. The seafloor expression of active folds 
indicates significant subrecent to recent tectonic activity of deepwater faults and 
folds. 
A comparison of deepwater shortening and shelfal extension exhibits a two-fold 
trend of shortening along the >250 km portion studied: in the south (offshore 
Brunei Darussalam and southern Sabah), Pliocene to recent deepwater shortening 
equals shelfal extension. This observation suggests that modern shelfal growth 
probably acts as a primary control for gravity-driven, shallow-seated, overburden-
restricted shortening of the fold-thrust belt. In contrast, offshore northern Sabah 
deepwater compression outweighs shelfal extension. In this region, the observed 
dominance of deepwater shortening is interpreted to primarily reflect Pliocene to 
recent deep-rooted, collision-related basement tectonics. Finally, the subtraction of 
shelfal extension from total shortening provides information on collision-related 
basement compression throughout the study area. If viewed from south to north 
along the deepwater fold-thrust belt, basement-driven shortening significantly 
increases northwards as does the quantity and importance of deepwater faults and 
folds. This trend documents a generally northwards increase of basement-driven 
compression that significantly contributes to present-day deepwater folding and 
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thrusting. 
 
Final Chapter 3 focuses on the relation between lateral shortening and the fold 
style offshore NW Borneo. One of the key results of this chapter is the observation 
that along the NW Borneo fold-thrust belt, slope geometries and structural styles 
vary significantly. The northern study area exhibits a multitude of steep, thrust-
related fold-anticlines that are closely-spaced (average distance 2 to 5 km) and 
commonly asymmetric. Associated thrusts range in dip from 30° near the present-
day thrust front to 60° a few tens of kilometres landward. In contrast, the folds in 
the southern part of the study area are generally fewer, wider-spaced (distance 4 
to 15 km) and associated with thrust faults dipping between 15° near the 
deformation front and 40° below the present-day shelf edge. 
A synoptic comparison of the shortening data derived from geometric restoration 
with data on shelf extension, fold and thrust frequency and the rate of change in 
fold-interlimb angles indicates that factors such as the presence of rigid subsurface 
obstacles (major rock inhomogeneities within the deforming wedge; non-uniform 
basement topography) and lateral variations in the sedimentary fill potentially 
contributed to differential deepwater folding and thrusting. These parameters can 
vary significantly depending on the individual fold-thrust section. 
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Chapter 1 The structural evolution of folds in a deepwater fold and 
thrust belt – a case study from the Sabah continental margin 
offshore NW Borneo, SE Asia 
 
Abstract 
The deepwater fold and thrust belt offshore Sabah, NW Borneo, is located on a 
continental margin that hosts a number of proven hydrocarbon accumulations. 
Reprocessed and depth-migrated regional 2D seismic data reveal the occurrence of 
a wide range of compressional, syn-depositional deformation features including 
large-scale thrust faults and prominent thrust-hangingwall anticlines. This paper 
focuses on the documentation and detailed description of the style of deepwater 
folds and the associated stratal patterns within a study area of ca. 3000 km2 
offshore Sabah, NW Borneo. This region exhibits a variety of fold systems including 
(1) anticlines with large interlimb angles that exhibit no seafloor expression; (2) 
anticlines with medium interlimb angles, seafloor relief and a faulted anticline crest; 
(3) anticlines with small to medium interlimb angles, a seafloor expression and 
flanks associated with slides and slumps, and finally; (4) anticlines with small 
interlimb angles that are commonly buried by a thick sedimentary overburden and, 
in places, modified by superimposed syn-sedimentary, deltaic normal faults. If 
analysed section per section perpendicular to the strike of the fold and thrust belt, 
the widest anticlines occur in the most seaward parts of the fold belt near the 
present-day thrust front, whereas the narrower anticlines are located further 
landward. However, if viewed along the strike of the deepwater fold belt, there are 
significant variations in the geometry of laterally corresponding, contemporaneously 
developing fold systems.  
 
Susanne Hesse, Stefan Back, Dieter Franke, 2010a. The structural evolution of folds in a 
deepwater fold and thrust belt – a case study from the Sabah continental margin offshore 
NW Borneo, SE Asia. Marine and Petroleum Geology, 27, 442-454. 
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To explain these differences, factors such as rock inhomogeneities in the 
deformation wedge, variable surface slope, irregular basement topography, 
differential sediment input or the presence or absence of subsurface gas hydrates 
need to be taken into account. These factors vary significantly within the studied 
system, and are therefore difficult to generalise and transfer to other submarine 
fold and thrust belts. 
 
1. Introduction 
Deepwater fold and thrust belts develop at both, active and passive continental 
margins. In several places they are the focus of hydrocarbon exploration, with 
compressional anticlines representing the prime trapping structures (e.g. Morgan, 
2003; Ingram et al., 2004). Deepwater folds can change their shape and character 
over time, and e.g. submarine landslides and other mass-flow events that 
preferentially occur during a late fold-evolution stage are a potential threat for 
offshore equipment installed at the slope portions of deepwater fold-thrust belts 
(Hovland and Gudmestad, 2001). Thus, a better understanding of deepwater fold 
and thrust belts is important in several aspects. 
 Offshore NW Borneo (Figure 1), two key mechanisms have been discussed in the 
past as main controlling factors for deepwater compressional deformation (e.g. 
Ingram et al., 2004; Franke et al., 2008; Hall et al., 2008; Morley et al., 2007a; 
Morley et al., 2008; Hesse et al., 2009), (1)  basement-driven crustal shortening 
and (2) gravity-related  tectonics. The NW Borneo fold-thrust belt is a basinward-
thinning, active deepwater clastic wedge that is heavily deformed by numerous 
folds and thrusts. Syn-tectonic deposition in this fold-thrust belt comprises large-
scale submarine landslides (Gee et al., 2007; Morley, 2007a), slumps, slides 
(Morley, 2007b; Morley, 2009), debris flows, turbidites and pelagic background 
sedimentation, with the main quantity of sediment accumulating in thrust-top 
basins between individual thrust-hangingwall anticlines. Persistent syn-sedimentary 
compression results in a general decrease of fold-interlimb angles through time, 
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often associated with an increase in dip of the underlying thrust-fault system (e.g. 
Morley, 2007b; Morley, 2009; Hesse et al., 2009). This fold narrowing can control 
the re-arrangement of syn-tectonic deposition by gravity processes. In cases where 
gravity processes reduce the surface dip, deposition on top of anticline crests can 
be renewed (e.g. Nigro and Renda, 2004; Heiniö and Davies, 2006; Morley, 2007b; 
Morley, 2009).  
 
Figure 1: (A) Regional location map for NW Borneo study area (black rectangle) in South 
East Asia. (B) Structural map showing key tectonic elements of NW Borneo and the location 
of the 2D regional seismic data presented in this paper. Bathymetric contours are drawn at 
500 m intervals.  
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However, a generalisation of the “life-cycle” of a typical deepwater  NW Borneo fold 
from its initiation through its growth to its decay remains challenging because of 
the influence of diverse parameters such as rock inhomogeneities in the 
depositional wedge, syn-tectonic sedimentation, syn-depositional deformation, 
differential compaction,  and variations in fluid content  e.g. in the form of gas-
hydrate accumulations affecting fold stability. Morley (2007b; 2009) discussed 
some of these aspects in the southern part of the NW Borneo fold-thrust belt 
offshore Brunei, an area immediately south of the Sabah deepwater region 
presented in this study (Figure 1). The regional scale of  the seismic data used in 
this study (Figure 1B) allows to extend the analyses of Morley (2007b; 2009) 
another 150 km northwards along the fold-thrust belt, imaging in total over 60 
additional cross-sections of deepwater folds located in the Sabah compressional 
domain. The widespread of the Sabah data documents for the first time the 
pronounced lateral variability of the deepwater NW Borneo folds over a 
geographically large area. 
 
2. Geological background 
The formation of the continental margin off NW Borneo was widely controlled by the 
evolution of the South China Sea during Oligocene–Early Miocene times (Hinz et  al. 
1989). Seafloor spreading of the South China Sea caused the rifting of thinned 
continental crust of the Dangerous Grounds region away from the southern margin 
of China (e.g. Hamilton, 1979; Holloway, 1981; Hinz and Schlüter, 1985; Taylor 
and Hayes, 1983; Briais et al., 1993, Barckhausen and Roeser, 2004). With the 
ongoing rifting of the Dangerous Grounds, an older region of oceanic crust, the 
Proto-South China Sea (Hinz et al., 1989; Hall, 1996; Morley, 2002; Hall et al., 
2008) was subducted beneath NW Borneo. In Early Miocene times, the continental 
crust of the Dangerous Grounds entered the subduction zone, before its buoyancy 
locked the system in the latest Early Miocene (James, 1984; Levell, 1987; Hinz et 
al., 1989; Hazebroek and Tan, 1993; Hutchison, 1996a, b; Sandal, 1996; Hall, 
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1996; Milsom et al., 1997). This collision history is reflected in significant 
compressional deformation documented onshore northern Borneo in folded 
sedimentary units of late Early Miocene age (e.g. Tongkul, 1994; Sandal, 1996; 
William et al., 2003). Subsequently, northern Borneo experienced further 
compression as documented onshore in folded sedimentary units of Middle to Late 
Miocene ages (e.g. Sandal, 1996; Back et al., 2001; Morley et al., 2003; Back et 
al., 2005; Back et al., 2008), as well as offshore in folded and thrusted Late 
Miocene to present-day shelf and slope sequences (e.g. Levell, 1987; Hinz et al., 
1989; Hazebroek and Tan, 1993; Morley et al., 2003; Ingram et al., 2004, Hesse et 
al., 2009). The cause for the Miocene to recent folding and thrusting is still a matter 
of debate (for detailed discussions see Hall and Wilson, 2000; Hall and Morley, 
2004; Ingram et al., 2004; Hall et al., 2008): (1) the old subduction zone could 
have been reactivated as a zone of weakness, possibly driven by far-field stresses 
from the Australia–Indonesia collision zone, deformation around Sulawesi, or from 
collisional events in the Phillippines; or (2) Miocene to recent folding and thrusting 
is a regional gravitational effect due to mantle processes underlying northern 
Borneo, causing a significant Miocene to recent uplift of the island (Hall and Morley, 
2004; Hall et al., 2008). However, it is clear that the NW Borneo deepwater thrust 
belt is tectonically active today, which is documented by the prominent seafloor 
expression of numerous thrust hangingwall anticlines (Figures 2–6). 
 
3.  Seismic methods 
In 1986, a seismic survey was carried out by the Federal Institute for Geosciences 
and Natural Resources (BGR) in the deepwater portions of the NW Borneo margin. 
A total of 3129 km multichannel reflection seismic (MCS) data were acquired using 
a digital streamer with a length of 3000 m (4 ms sample rate, 12 s record lengths, 
27 lines). In 2006, nine representative MCS profiles (Figure 1) with a total length of 
1760 km (lines BGR86-10 to BGR86-26) were selected for reprocessing and post-
stack depth migration. The reprocessing included a spherical divergence correction, 
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muting, filtering and an interactive velocity analysis every 1.5 km. The pre-stack 
procedure was finalized by a multiple suppression, in which a radon velocity filter 
combined with an inner trace mute provided sufficient result. After NMO-correction 
the seismic data were stacked. The velocity field for the post-stack depth migration 
was estimated by a step-by-step approach based on the stacking velocities 
determined by semblance analysis. This velocity information was converted into 
interval velocities using a smoothed-gradient algorithm. The final depth migration 
algorithm used was an implicit finite difference (FD) migration code. FD-time-
migration was run for quality control of the post-stack depth migration. All data 
presented in this paper are displayed with no additional gain applied and with a 
mute above the sea bottom. 
 
Figure 2: Example of a typical NW Borneo deepwater anticline (anticline B20, line BGR86-
20) showing the angles measured in this study and the interpreted horizons (vertical 
exaggeration: 8x). (A) Reprocessed, depth-migrated seismic data. Note small-scale faults 
and prominent bottom-simulating reflectors (BSRs) in anticline crest. (B) Interpreted seismic 
section. Measured fold angles are the fold–interlimb angle, the forelimb dip and the backlimb 
dip. 
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For the fold analysis presented in this study, two marker horizons were interpreted, 
the present-day seafloor (horizon 1) and a shallow-seated, auxiliary horizon 
(horizon 2; see Figure 2), which was individually picked at each deepwater anticline 
at the base of the uppermost syn-kinematic depositional package 3). Both horizons 
were interpreted on continuous reflections recording a high impedance contrast. In 
order to understand how folds and the associated sedimentation patterns evolved, 
we focused on the analysis of the fold geometry, the fold-growth pattern as 
indicated by stratal thinning and thickening, the reflector-termination pattern of 
growth strata (onlap, erosional truncation), and the detection of gravity-related 
mass-transport units. The use of depth-migrated 2D seismic data allowed the 
measurement of fold–limb dip angles in degrees (as opposed to seismic dip angles 
measured in the time domain) that approximate in most places true structural dip. 
For the geometric classification of the deepwater folds encountered, we measured 
fold–interlimb angles, forelimb dips and backlimb dips (Figure 2). 
 
4. Cross-section geometry 
The deepwater-margin segment of the fold–thrust belt of NW Borneo extends over 
around 250 km from offshore Brunei to northern Sabah (Hinz et al., 1989; Morley, 
2007a; Figure 1). The width of the fold belt varies between 80 km in the northern 
part and 110 km in the southern part of the study area. The deepwater anticlines 
that characterise the fold–thrust belt generally trend NE–SW, thus approximately 
perpendicular to the 2D seismic lines of this study. Figures 3–6 image the main 
structural and stratigraphic elements of the fold–thrust belt that is characterised by 
numerous prominent, NE–SW trending morphological ridges that correspond to the 
crests of thrust-hangingwall anticlines. In the subsurface, the anticlines commonly 
exhibit an oversteepened forelimb that developed above the upper tip of an 
associated thrust fault. The dominant asymmetric character of the anticlines 
suggests their generation as fault-propagation folds. Most anticlines show a clear 
surface expression, and between the individual anticlines, thrust-top basins form 
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local sedimentary depocentres. In the upper-slope domain close to the NW Borneo 
shelf, several folds are covered by a sedimentary overburden locally affected by 
superimposed deltaic growth faults. The architecture and structural style of the 
thrust-hangingwall folds of the NW Borneo deepwater margin differs across the 
study area. In the northern part of the study area (lines BGR86-10, BGR86- 12 and 
BGR86-14, Figures 3 and 4), numerous steep, closely spaced anticlines (average 
distance 2–5 km) are observed. Underlying, generally south-eastwards dipping 
thrust faults range in dip between 30° near the deepwater deformation front, and 
up to 60° in the vicinity of the present-day shelf break. The steeper, landward 
thrusts are often covered by a thick sedimentary succession accumulating in the 
respective thrust-top basin. The most basinward, external thrust faults sole into a 
basal detachment that is imaged at depths between 5 and 8 km near the 
deformation front (Figures 3 and 4), possibly extending to depths of ca. 12 km 
below the Sabah shelf (Franke et al., 2008; Hesse et al., 2009). In the central and 
southern part of the study areas (lines BGR86-16, BGR86-18, BGR86-20, BGR86-
22 and BGR86-24, Figures 4–6), the thrust-hangingwall anticlines are wider spaced 
(distance 4–15 km), and the associated thrust faults exhibit south-eastwards dips 
between 15° near the deepwater deformation front and 40°  near the present-day 
shelf edge. South of the study area, Morley (2007b; 2009) documented a 
significant decrease in the anticline frequency, with four prominent deepwater 
anticlines characterising the offshore Sabah-Brunei border, and three anticline 
remnants located in the deepwater offshore the present-day Baram Delta of Brunei 
(Figure 1). 
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Figure 3: NW–SE oriented, depth-migrated seismic sections BGR86-10 and BGR86-12 
across the northern part of the NW Borneo fold–thrust belt. Note the presence of a high-
velocity body (Franke et al., 2008) on the landward side of the main fold–thrust zone. 
Anticline labels are sorted in landward direction with corresponding seismic-section notation 
and respective interlimb angle, i.e. anticline A10 is the most distal anticline on line BGR86-10 
with an interlimb angle of 145°. For section location see Figure 1. 
 
5. Anticline geometry across the slope 
The following paragraphs present a geometric analysis of the deepwater anticlines 
offshore Sabah, and describe the architecture of the associated sedimentary units 
starting at the deformation front successively moving landwards towards the 
present-day shelf. The analysis of the individual fold types (Figure 7) follows the 
methodology of Morley (2007b); however, a different fold classification is used due 
to structural differences between the deepwater Sabah (this study) and deepwater 
Brunei (Morley, 2007b; 2009) anticlines. The typical folds encountered in 
deepwater Sabah are (1) anticlines that are gently folded lacking seafloor 
expression (Type-I anticlines); (2) anticlines with seafloor expression and a faulted 
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crest (Type-II anticlines); (3) anticlines that are internally affected by normal faults 
and on the flanks by mass movement events (Type-III anticlines); and finally (4) 
buried anticlines that are affected by normal faulting, mass movement and an 
overprint of younger, superimposed, deltaic syn-sedimentary normal faults (Type-
IV anticlines). 
 
Figure 4: NW-SE oriented, depth-migrated seismic section BGR86-14 of the northern part of 
the study area, and section BGR86-16 of the central part of the NW Borneo fold-thrust belt. 
The fold-thrust belt exhibits 9 major deepwater folds on line BGR86-14, and 7 deepwater 
folds on line BGR86-16. Note prominent basement high immediately adjacent to the most 
external deepwater anticlines. For anticline-labelling system see Figure 3, for section location 
see Figure 1.  
 
5.1 Type-I anticlines 
The most distal, smoothly rounded anticlines that show no seafloor expression are 
generally symmetric with gently dipping limbs (1–5°; for example see Figure 8) and 
interlimb angles between 170° and 175° (Figure 7). Subsurface thrust-fault 
displacement associated with these folds is subtle and at the limit of seismic 
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resolution (Figure 8). External Type-I anticlines were mapped on lines BGR86-14 to 
BGR86-22 between 2800 and 2900 m below sea level. Around these folds, the 
deeper sedimentary succession maintains its thickness and solely the uppermost 
and youngest strata show a subtle thinning towards the anticline crest (Figure 8). 
In places, bottom-simulating reflectors (BSRs) with a clear amplitude-reversal in 
comparison to the seafloor reflection occur in the crestal domain of the external 
Type-I anticlines. In these places, the BSR is interpreted to indicate a free-gas 
accumulation at the base of the gas hydrate stability zone (sensu Katzman et al., 
1994). It has to be noted that on the 2D seismic data of this study it is not possible 
to classify all Type-I anticlines as buried simple folds sensu Morley (2007b), since a 
2D section might cross the fold considerably down-plunge of its crest that may 
have surface topography. This might be the case for e.g. anticline B14 (line BGR86-
14, Figure 4) that possibly corresponds along strike to Type-II anticline A12 (line 
BGR86-12, Figure 3). 
 
Figure 5: NW-SE oriented, depth-migrated seismic sections BGR86-18 and BGR86-20 of the 
central study area, exhibiting 8 prominent deepwater thrust-hangingwall anticlines. Dashed 
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boxes indicate close-ups of seismic data with cross reference to respective figures. For 
anticline-labelling system see Figure 3, for section location see Figure 1.  
 
 
Figure 6: NW-SE oriented depth-migrated seismic sections BGR86-22 and BGR86-24 across 
the southern part of the NW Borneo fold-thrust belt. In this part of the margin, the fold-
thrust belt exhibits a succession of up to 10 major thrust-hangingwall folds. Dashed boxes 
indicate close-ups of seismic data with cross reference to respective figures. For anticline-
labelling system see Figure 3, for section location see Figure 1. 
 
5.2 Type-II anticlines 
Type-II anticlines with a clear seafloor expression were encountered in a slightly 
more landward position of the fold–thrust belt. All of these anticlines are 
characterised by an internally faulted crest, and commonly verge basinwards 
(Figure 9). The typical Type-II fold exhibits an interlimb angle between 140° and 
170° (Figure 7), and occurs in water depths between 2100 and 2700 m. Below the 
top of the anticlines, branching of the underlying thrust faults is ubiquitous, but 
most thrust splays terminate as blind faults. The relatively steep forelimbs of the 
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Type-II anticlines show dip angles between 10° and 20°, commonly associated with 
low reflectivity or seismic blankening zones. These zones are possibly caused by 
fluids and a large number of small normal faults at the limit of seismic resolution 
(Figure 9). The generally wider backlimbs are dipping landwards with backlimb 
angles averaging 13°. Few to numerous, planar to mildly curved, small-scale 
normal faults mark the crests of the Type-II anticlines (Figure 9). Landward-dipping 
faults occur less frequently than seaward-dipping faults. The penetration depth of 
the crestal faults generally decreases towards the anticline limbs, suggesting that 
these faults young away from the anticline crest. In analogy to the interpretation of 
“simple folds with normal faults’’ by Morley (2007b) offshore Brunei, the observed 
crestal faults of the deepwater Sabah anticlines are interpreted to have formed 
primarily in response to gravity forces, although bending stresses sensu Strayer et 
al. (2004) may have played some role, too. BSRs are widespread at Type-II 
anticlines located in water depths below 2600 m. The most prominent BSRs are 
found within the individual crests of the anticlines, whilst the hydrate signal often 
weakens towards the anticline flanks (Figure 9). The signal maximum in the fold 
crest most likely relates to free-gas migration into the structurally highest point of 
the anticline beneath a gas hydrate layer. 
 
 
 
Figure 7: Fold interlimb angles (in degree) measured across the study area, and assignment 
to respective type of fold (see text for fold-type classification). Anticline labelling corresponds 
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to indication on Figures 3, 4, 5 and 6; anticlines with same letter do not necessarily 
correspond between sections. 
 
5.3 Type-III anticlines  
The vast majority of folds in the deepwater fold–thrust belt are Type-III anticlines 
(Figure 7). Most of these folds show a clear seafloor expression (unless eroded), 
are affected by crestal normal faulting, and show mass movement on their flanks 
(Figure 10). The typical Type-III anticline is characterised by an average interlimb 
angle of 135° (Figure 7), and occurs in water depths between 2100 and 1000 m. 
The thrust faults underlying Type-III anticlines are often mildly curved, and exhibit 
dip angles between 40° and 50°. Most of the thrusts terminate with their upper tip 
as blind thrusts, thus exposure on the modern seafloor is the exception. The 
forelimbs of Type-III anticlines are commonly steep and narrow. The dips of the 
forelimbs average 25°, with a general increase in dip in landward direction. A vast 
part of the steeply dipping forelimbs is seismically transparent due to the deflection 
of the seismic signal. The backlimbs of Type-III anticlines dip gentler than the 
forelimbs, at average 20°. Similar to the Type-II anticlines, the Type-III anticlines 
are commonly affected by normal faults at the fold crests. The degradation of the 
relief of Type-III anticlines seems to be mainly related to gravity-driven slope 
failure along the normal faults (sensu Mello and Pratson, 1999; Heiniö and Davies, 
2006; Morley 2007b, 2009). At numerous locations, slump deposits characterised 
by contorted seismic reflection patterns occur on the flanks of Type-III anticlines 
(Figure 10), in places forming a significant part of the fill of the thrust-top basins. 
In most cases, the slump material failed from the oversteepened anticline 
forelimbs, accumulating in the respective thrust-top basin located basinward; 
however, in exceptional cases slump deposits originated from the backlimbs of 
Type-III anticlines (Figure 10A and B). Another process responsible for the erosion 
of the top of some anticline crests might be related to the cut-off of an entire fold 
crest when trapped material landward of the anticline reached a critical mass 
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(sensu Gee et al., 2007; see Figure 10C and D). This process requires an anticlinal 
sediment trap blocking downslope mass transport; after having reached a critical 
mass on the landward side, sedimentary overload might trigger a catastrophic 
break-through of the anticline crest. This process seems most likely in places where 
crestal faults and a paleo-BSR provided a pre-existing zone of lithological 
weakness.  
 
Figure 8: Detailed image of a typical Type-I anticline (A20). Note distinct bottom simulating 
reflector (BSR) below crest of the anticline. For section location see Figures 1 and 5. (A) 
Non-interpreted seismic data. (B) Interpretation, illustrating significant stratal thinning 
towards the anticline crest. Anticline growth does not yet affect the present-day sea bottom. 
 
5.4 Type-IV anticlines  
All folds at the burial stage, the fourth-type, are located in the vicinity of the 
present-day shelf break and do not exhibit an expression on the modern seafloor 
(e.g. Figure 11). The Type-IV anticlines are covered by a sedimentary overburden 
between 500 and over 3000 m. Many suspected Type-IV anticlines show only weak 
responses of the seismic signal, which can be partly related to limited reflection 
imaging of steeply inclined surfaces (Lynn and Deregowskit, 1981). In places, the 
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chaotic reflection nature around Type-IV anticlines might also indicate the presence 
of shale diapirs or gas chimneys. However, velocity analysis carried out in this 
study neither show any variation characteristic for subsurface gas venting, nor a 
velocity push-down that would be expected at the base of large-scale shale diapirs 
(Van Rensbergen and Morley, 2003). Due to the limited seismic information on 
Type-IV anticlines, structural measurements and stratigraphic interpretations were 
only possible at a few examples in the southern part of the study area (see Figure 
7). At these locations, the average interlimb angles were between 90° and 140°, 
with the underlying thrust faults dipping between 60° and 70°. In places, the 
crestal domains of the Type-IV anticlines showed zones of exceptionally high 
amplitudes possibly indicating gas or fluid accumulations.  
 
Figure 9: Detailed image of a representative Type-II anticline (B20). Note the strong bottom 
simulating reflector (BSR) below the crest of the anticline. See Figures 1 and 5 for seismic 
section location. (A) Non-interpreted seismic data. (B) Section interpretation indicating a 
series of seaward-dipping normal faults on the anticline forelimb. The steepest parts of the 
forelimb domain are characterised by low reflectivity.  
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Figure 10: Detailed images of two representative Type-III anticlines (F20, D22) illustrating 
typical fold degradation. Note strong bottom simulating reflector (BSR) affecting both 
anticlines. (A) Non-interpreted seismic example of a typical Type-III anticline (see Figure 5 
for seismic overview), and (B) seismic interpretation. The crest of the anticline is strongly 
modified by gravity-driven mass failure. Degradation deposits on the backlimb side stem 
from a neighbouring Type-III anticline located immediately landwards (see Figure 5). (C) 
Non- interpreted seismic example of a Type-III anticline of seismic line BGR86-22 (see Figure 
6 for seismic overview), and (D) corresponding seismic interpretation. The uppermost 300 m 
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of the fold crest are eroded and the sea bottom is levelled. The apparent morphological 
hump affecting the seismic line is likely a sideswipe reflection. The forelimb of the fold 
exhibits a thick accumulation of mass-wasting deposits. 
 
Figure 11: Detailed image of a buried Type-IV anticline (G24). For section location see 
Figures 1 and 6. (A) Non-interpreted seismic data, (B) seismic interpretation. The Type-IV 
anticline is covered by a sedimentary overburden (topmost layer) unaffected by folding. The 
degradation complex documented on the landward side of the anticline is a slump deposit 
derived from the nearby shelf edge (see Figure 6). 
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6. Discussion 
The different fold types encountered in the deepwater fold–thrust belt offshore 
Sabah, NW Borneo, exhibit in section view a general landward narrowing trend that 
coincides with a landward increase in the structural segmentation of successive 
anticline crests. The increase in crestal faulting seems to promote fold–limb failure 
and the degradation of the fold relief, which, in places, precedes anticline burial. If 
set into a relative chronological order estimated from thickness differences of the 
syn-kinematic deposits encompassing the studied anticlines, it can be interpreted  
that a typical deepwater fold offshore Sabah (1) initiates as a wide Type- I anticline 
lacking seafloor expression; (2) develops into a Type-II anticline by narrowing and 
growth above the seafloor; (3) further narrows, fails at the flanks and degrades 
into a Type-III anticline; and (4) finally ceases activity resulting in fold burial 
(Type-IV stage). However, if analysed along the strike of the deepwater fold– 
thrust belt (Figure 12), there are significant variations in the geometry of laterally 
corresponding, probably contemporaneously active fold segments that cannot be 
attributed to a solely chronological scheme for fold development. Parameters that 
might additionally influence the fold style include e.g. rock inhomogeneities in the 
deformation wedge, variable slope gradients in the study area (Figure 12A and B), 
the irregular topography of the acoustic basement underlying the fold–thrust belt 
(Figure 12C), lateral variations in sediment input and storage (Figure 12D), and the 
presence or absence of gas hydrates in the subsurface (Figure 12E). The influence 
of these parameters on lateral variations in the fold style offshore Sabah is 
discussed in the following. The Sabah portion of the NW Borneo fold–thrust belt 
shows a distinct variation in the relative spacing of folds (and underlying thrust 
faults), with a general decrease in spacing from south to north (see Figures 3–6; 
Figure 12). In the very north of the study area, the observed high frequency of 
folds (Figures 3 and 4) can be interpreted as the consequence of the presence of a 
high-velocity rock-body built of platform carbonates (Franke et al., 2008) or 
upthrusted basement (Hinz et al., 1989) on the upper slope.  
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Figure 12: Additional parameters that possibly contribute to the lateral variability of fold 
style along the NW Borneo fold-thrust belt. (A) Interpolated seafloor morphology with 
bathymetric contours. Shading along lines corresponds to respective type of anticline 
encountered in this study (see legend). (B) Interpolated seafloor dip. Note the pronounced 
variability of seafloor dip within the fold-thrust belt, particularly between the northern and 
central/southern parts of the study area. Areas characterised by a gently dipping seafloor 
seem to have a higher potential for the preservation of Type-I and Type-II anticlines. (C) 
Interpolated dip of the acoustic basement below the NW Borneo fold-thrust belt. Note that 
steepest basement dips in the southern part of the study area are located outside of the fold-
thrust belt. (D) Isopach map of the Late Pliocene to recent sediment fill offshore Sabah 
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based on stratigraphic interpretation of Hesse et al. (2009). Late Pliocene to recent 
sediments attain their maximum on the upper slope of the southern study area, which 
coincides with the widest fold spacing observed. (E) Distribution of bottom simulating 
reflectors (BSR’s) in the study area (after Behain et al., 2003).  
 
This large-scale, intraformational rock inhomogeneity could have acted as a rigid 
obstacle during fold–thrust deformation, with the geometric consequence that 
neighbouring folds developed closely spaced but irregularly distributed along 
section. The difference in fold spacing between the northern and central/southern 
study areas is best documented by the change of the fold–interlimb angles along 
the studied sections: the northernmost Type-III anticlines decrease by up to 55° 
over a distance of only 40 km (Figures 3 and 4); this is a significant difference to 
the landward decrease of fold–interlimb angles in the central and southern study 
area, that averages 6° over distances between 70 and 100 km (Figures 5 and 6). 
Other parameters that potentially influence the fold style in deepwater Sabah are 
the present-day submarine slope of the fold–thrust belt (Figure 12B) and the 
morphology and dip of the detachment surface between the deformation wedge and 
the acoustic basement (Figure 12C). Both factors are first-order parameters in 
critical-taper wedge models of fold–thrust belts (e.g. Davis et al., 1983; Dahlen et 
al., 1984). If analysed across the NW Borneo slope, there are distinct variations in 
the dip of the modern seafloor (Figure 12B) that is relatively uniform (around 2°) in 
the northernmost slope area (lines BGR86-10, BGR86-12), but alternating between 
steeper (around 2°) and more gentle portions (around 1°) in the central and 
southern survey areas. The external regions with least seafloor dip coincide with 
the preferential occurrence of Type-I and Type-II anticlines. This suggests that the 
limb failure of the typical Type-III anticline might not only reflect a local fold–limb 
oversteepening through time, but also the generally more proximal positioning on a 
steeper submarine slope. Another observation is that the internal areas with low 
slope angles correspond to the regions with the widest anticline spacing. This 
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probably relates to regional variations in sediment storage within the fold–thrust 
belt (Figure 12D), a parameter which will be discussed below. 
Concerning the basement morphology, the maximum dip of the acoustic basement 
(Figure 12C) coincides in the northern part of the study area (lines BGR86-10 to 
BGR86-16) with the most basinward location of Type-III anticlines. In addition, the 
presence of locally restricted, prominent basement highs immediately basinward of 
the deformation wedge (e.g. Figure 4) corresponds with the preferential occurrence 
of Type-I anticlines. It is very likely that these sites of steep basement dip form 
localised preference areas for deformation, and that the, in places, irregular 
distribution of the external Type-I and Type-II anticlines can be attributed to the 
irregular nature of the basement. In the southern part of the study area (lines 
BGR86-18 to BGR86-24), the steepest basement dips are located outside the zone 
of folding and thrusting (Figure 12C). Within the southern fold–thrust belt, the 
distribution of fold types seems unrelated to the basement configuration, which 
might indicate for this area a structural decoupling of the fold–thrust system from 
the underlying basement. 
A fourth factor capable of influencing deepwater fold development is the variability 
of syn-tectonic deposition in the fold–thrust belt (Figure 12D; also see Morley and 
Back, 2008 for discussion). The southern part of the study area is characterised on 
the upper slope by a thick Late Pliocene to recent sedimentary record, whilst large 
parts of the northern fold–thrust belt exhibit significantly less modern sediment. 
Coincidingly, many of the southern folds developed much larger thrust-top basins, 
which correlates with the generally wider anticline spacing (and generally lower 
seafloor dip) in the south. Additionally, the high, proximal sediment capture of the 
southern study area enabled the burial of folds already on the upper slope (e.g. 
Figure 6), which explains the preferentially southern occurrence of buried Type-IV 
anticlines (Figure 12D).  
A final factor that might influence the development of a deep-water fold–thrust 
anticline is the presence or absence of subsurface gas hydrates that affects the 
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stability of the sedimentary column (e.g. Nixon and Grozic, 2007). In the study 
area, the presence of the BSR as an indicator for gas hydrates was mapped in 
Type-I, Type-II and Type-III anticlines (Figure 12E), whereas the Type-IV anticlines 
are beyond the thermodynamic stability zone. A minimum water depth of 600 m for 
the generation of gas hydrates in offshore NW Sabah is calculated based on the 
water temperature offshore NW Sabah (Sarnthein et al., 1994; Gong et al., 1992) 
and the gas hydrate stability diagram (Sloan, 1990). This minimum water depth 
matches well with the published results from other areas in tropical and subtropical 
environments (McLeod, 1982). Following the argument that gas hydrates act as 
possible slope stabilizer (Kayan et al., 1980; Field, 1990; Bugge, 1983), we suggest 
that the absence of slope degradation in many Type-II folds might be related to a 
fold crest cementation by gas hydrates. However, in areas lacking gas hydrates, 
folds may undergo significant slope degradation already at large interlimb angles. 
The critical interlimb angles for slope degradation determined in this work (Figure 
7) is dominantly based on gas hydrate bearing structures, thus probably small if 
compared to other submarine folds that lack significant gas hydrates 
accumulations. 
 
7. Conclusions 
This paper documents that four different types of thrust-hangingwall anticlines 
characterise the deepwater fold–thrust belt offshore Sabah, NW Borneo. The 
relationship of fold style and interlimb angles described by Morley (2007b; 2009) 
for offshore Brunei has been found similar along the Sabah margin, in that the 
general landward decrease of fold–interlimb-angles relates to the maturity of a fold. 
There are, however, significant variations in the geometry of laterally 
corresponding, probably contemporaneously active fold segments that cannot be 
explained by a simple age-based scheme for fold development. These variations 
most likely result of the additional influence of several, area-specific controlling 
factors including large-scale lithological inhomogeneities within the deformation 
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wedge, variable surface slopes, an irregular topography of the basement below the 
fold–thrust system, lateral variations in sediment input and storage, and the 
presence of gas hydrates in the subsurface. The above parameters vary 
considerably within the deepwater Sabah study area, and are therefore difficult to 
generalise and predict for other submarine fold and thrust systems. 
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Chapter 2 The deepwater fold-thrust belt offshore NW Borneo: 
gravity-driven versus basement-driven shortening 
 
Abstract 
The deepwater region offshore NW Borneo is an active fold-thrust belt that hosts a 
significant number of proven hydrocarbon accumulations. In the past, two 
mechanisms have been discussed as primary control for Neogene to recent folding 
and thrusting in this deepwater province, 1) basement-driven crustal shortening 
and 2) gravity-related delta tectonics. In this study, new, balanced interpretations 
of regional, crustal-scale, depth-migrated 2D multi-channel seismic reflection 
profiles are presented that provide for the first time quantitative data on tectonic 
shortening throughout the entire deepwater fold and thrust belt of NW Borneo. We 
use our tectonic restorations to compare the amount of deepwater shortening on 
the NW Borneo slope to the amount of extension across the NW Borneo shelf. A key 
result of this balancing study is the observation that Pliocene to recent gravity-
driven shortening decreases from south to north, while the total amount of 
shortening increases slightly to the north. Consequently, the amount of purely 
basement-driven compression along NW Borneo strongly is inferred to increase 
towards the north. Because most of the shortening is late Pliocene and younger, we 
interpret the tectonic shortening to be ongoing.  
 
 
Susanne Hesse, Stefan Back, Dieter Franke, 2009. The deepwater fold-thrust belt offshore 
NW Borneo: gravity-driven versus basement-driven shortening. Geological Society of 
America Bulletin, 121, 939-953.
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1.  Introduction  
The continental shelf and slope areas of NW Borneo (Figure 1) are well known from 
drilling and seismic reflection data (e.g., James, 1984; Levell, 1987; Hinz et al., 
1989; Sandal, 1996; Petronas, 1999; Ingram et al., 2004; Morley, 2007; Gee et 
al., 2007; Franke et al., 2008). The NW Borneo shelf mainly consists of Middle 
Miocene to recent prograding shallow-marine clastic sediments that locally attain 
thicknesses of over 10 km (Figure 2). The shelf units are commonly deformed and 
exhibit extensional and compressional structural features including kilometer-scale 
synsedimentary normal faults (growth faults), shale diapirs and inversion-related 
anticlines (e.g. James, 1984; Sandal, 1996; Van Rensbergen et al., 1999; Imber et 
al., 2002; Morley et al., 2003). The continental slope of NW Borneo is underlain by 
a large, basinward-thinning, Middle Miocene to recent deepwater clastic wedge that 
is deformed by numerous compressional folds and thrusts (Figures 2B, 3 and 4). 
Despite significant research and exploration efforts in deepwater NW Borneo in 
recent years, there are still questions concerning the controlling mechanisms of 
deepwater folding and thrusting. Based on regional 2D reflection seismic data, Hinz 
et al. (1989) interpreted the deepwater tectonics offshore NW Borneo as reflecting 
a continent-continent collision, and that regional compression induced major 
thrusting that continues until today. In contrast, e.g. Hazebroek and Tan (1993) 
draw attention to the similarities of structures in their 'Outboard Belt’ with thrusts 
at the toe of the Niger Delta, suggesting that deepwater folding and thrusting 
offshore NW Borneo primarily developed in response to gravitational delta 
tectonics. Between these two end-member interpretations (basement-driven versus 
gravity-driven), e.g. Ingram et al. (2004) proposed a compressional regime for 
deepwater NW Borneo dominated by crustal shortening in the range of 4 cm/year 
until recent times (sensu Hinz et al., 1989) with a small contribution of gravity-
related deltaic toe thrusting (sensu Hazebroek and Tan, 1993).  
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Figure 1: Regional location map for NW Borneo study area (box) in South East Asia. The 
Sundaland Block is a composite region that accreted to the Eurasian Plate during the Late 
Palaeozoic and Mesozoic (Metcalfe, 1996; Hall et al., 2008). White arrows indicate the 
relative convergence across plate boundaries (in mm/yr) from Pubellier et al. (2005). 
 
This paper presents new, balanced interpretations of regional, crustal-scale, depth-
migrated 2D multi-channel seismic reflection profiles (Figure 2) covering large parts 
of the NW Borneo deepwater fold-thrust belt between Brunei Darussalam to the 
south and the Malaysian-Philippines border to the north, locally supported by 
published 2D and 3D industry seismics and well data. A stepwise retro-deformation 
of thrusts and folds provides incremental measurements of tectonic shortening for 
the time between the Miocene and present-day in deepwater NW Borneo. We use 
the tectonic restoration results primarily for a comparison between deepwater 
compression and shelfal extension, which enables us to separate the contribution of 
shallow, gravity-driven shortening from the amount of total shortening of the 
deepwater fold-thrust belt.  
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Figure 2: (A) Structural map showing key tectonic elements of NW Borneo and the location 
of the seismic data presented in this paper. Bathymetric contours offshore are drawn at 500 
m intervals. Bold black line indicates location of cross-section A–A'. High-velocity body 
indicated by grey color is discussed in Franke et al. (2008). (B) Regional geological cross-
section across NW Borneo along line A–A'. The section is based on offshore seismic reflection 
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data (Sandal, 1996, Van Rensbergen and Morley, 2000), onshore seismic reflection and well 
data (Back et al., 2008), geological maps (Sandal, 1996; Back et al., 2001; Back et al., 
2005) and models for the tectonic development of northern Borneo (e.g. James, 1984; 
Morley et al., 2003; Morley and Back, 2008).  
 
2. Geological Framework 
The principal features of the geological evolution of northern Borneo are 
summarised in Hinz et al. (1989), Hutchison (1996a, b), Milsom et al. (1997), 
Petronas (1999), Hutchison et al. (2000), Hall and Wilson (2000), Morley et al. 
(2003), Morley and Back (2008) and Hall et al. (2008). Northern and Central 
Borneo were built from the Mesozoic to recent and record a complex plate tectonic 
history involving oceanic and continental crust. Today, NW Borneo is a mountainous 
region exposing Cretaceous-Eocene deepwater clastic deposits that are thrusted, 
folded and locally metamorphosed to phyllites (Crocker and Rajang Groups exposed 
in the Crocker Mountain Range; for detailed description see Hutchison, 1996a,b), 
and Eocene to Lower Miocene sand-rich turbidites (Crocker Formation; for a 
detailed description see Van Hattum et al., 2006). These Crocker sediments are 
thought to represent deepwater units in or adjacent to an accretionary prism. 
Several authors proposed that NW Borneo is underlain largely by Mesozoic ophiolitic 
rocks (e.g. Hutchison, 1996a; Hall and Wilson, 2000), particularly due to the 
presence of the Telupid ophiolite of central Sabah (see e.g. Hutchison, 1996a, his 
Figure 5.18; Morley and Back, 2008).  
During Oligocene–Early Miocene times, the South China Sea opened by seafloor 
spreading. Seafloor-spreading anomalies in the South China Sea oceanic basin 
range from magnetic anomaly 11 (~32 Ma) to anomaly 5c (~16 Ma; Taylor and 
Hayes, 1980; Briais et al., 1993), with a southward ridge jump at anomaly 7/6b 
(~27 Ma; Briais et al., 1993).The end of the seafloor spreading occurred at 20.5 Ma 
(magnetic anomaly 6A1; Barckhausen and Roeser, 2004). With the opening of the 
South China Sea the thinned continental crust of the Dangerous Grounds region 
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was rifted away from the southern margin of China (e.g. Holloway, 1981; Hinz and 
Schlüter, 1983; Taylor and Hayes, 1983; Briais et al., 1993). On the southeastern 
side of the Dangerous Grounds, Hinz and Schlüter (1983) interpreted an older 
region of oceanic crust, the Proto-South China Sea.  
 
During the Paleogene, this Proto-South China Sea closed most likely due to a SE-
directed subduction beneath NW Borneo. Following complete subduction of the 
Proto-South China Sea oceanic crust, continental crust of the Dangerous Grounds 
region was partially subducted beneath the Crocker Formation basin of NW Borneo 
in the latest Early Miocene before its buoyancy locked the system (James, 1984; 
Levell, 1987; Hazebroek and Tan, 1993; Hutchison, 1996a,b; Sandal, 1996; Hall, 
1996; Milsom et al., 1997). Subsequently, northern Borneo experienced significant 
compressional deformation as documented onshore in folded sedimentary units of 
late Early Miocene to Middle Miocene ages (e.g. Sandal et al., 1996; Back et al., 
2001; Morley et al., 2003; Back et al., 2005; Back et al., 2008) as well as offshore 
in folded and thrusted Middle Miocene to present-day shelf and slope sequences 
(e.g. Levell, 1987; Hinz et al., 1989; Hazebroek and Tan, 1993; Morley et al., 
2003; Ingram et al., 2004). 
 
On the shallow NW Borneo shelf, late Neogene compression coincided with the 
development of major synsedimentary normal faults in the up to 10-km-thick late 
Neogene deltaic overburden (Figure 2B). This “thin-skinned” extensional 
deformation was superimposed on deep-seated compressional structures and 
generated, particularly in the southern part of the NW Borneo shelf, a multitude of 
complex tectonic features which resulted in the reactivation of major thrusts as 
normal faults, and the inversion of synsedimentary normal faults (Morley et al., 
2003). The complex interference of extensional and compressional features ceases 
in the vicinity of the shelf break, beyond which a purely compressional fold-thrust 
belt developed (Figures 2B, 3 and 4). Recent tectonic deformation in the deepwater 
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thrust-belt is documented by the prominent seafloor expression of several thrust 
hanging-wall fault bend folds, with the youngest structures forming at the thin, 
distal part of the sediment wedge near the NW Borneo Trough (Figures 3 and 4; 
Ingram et al., 2004; Morley, 2007; Gee et al., 2007).  
 
3.  Seismic data: acquisition and processing 
The data used in this study are regional 2D multi-channel reflection seismic profiles 
(MCS) acquired by the Federal Institute for Geosciences and Natural Resources 
(BGR) in 1986 (survey details in Hinz et al., 1989), and various published seismic 
profiles. The BGR86 MCS seismic dataset has a total length of 3129 km along 27 
lines. Seven representative MCS profiles (Figure 2A) with a total length of 1762 km 
(lines BGR86-12 to BGR86-24) were selected for reprocessing and depth-migration, 
including trace editing, band pass filtering, pre-stack predictive deconvolution, and 
amplitude recovery. In a second step, detailed stacking velocity analyses were 
carried out on average every 1.5 km. The pre-stack procedure was finalized by a 
multiple suppression, in which a radon velocity filter combined with an inner trace 
mute provided sufficient results. After NMO-correction the seismic data were 
stacked. The velocity field for the depth migration was estimated by a step by step 
approach based on the stacking velocities determined by semblance analysis. This 
velocity information was converted into interval velocities using a smoothed-
gradient algorithm. The final depth-migration algorithm used was an implicit finite 
difference (FD) migration code. FD time-migration was run for quality control of the 
post-stack depth migration. Figure 3 shows a representative depth migrated section 
across the northern part of the NW Borneo continental margin (line BGR86-12), 
extending from the Sabah shelf into the NW Borneo Trough. Figure 4 illustrates the 
typical reflection-seismic signature of the central to southern portion of offshore NW 
Borneo (line BGR86-20). 
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Figure 3 (figure caption see on page 34) 
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Figure 4 (figure caption see on page 34) 
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Figure 3: Depth-migrated seismic section BGR86–12 (locations of all seismic lines are shown on 
Figure 2) and line drawing showing the main tectonic features of the northern zone of the study 
area (3× vertical exaggeration). The seismic section crosses the shelf, the slope, and the NW 
Borneo Trough. To the SE of the NW Borneo Trough, up to 15 NE-SW–trending fault-related folds 
are imaged. At the landward edge of the section, a high-velocity body masks the seismic signals of 
the underlying strata. Different grayscales indicate seismic units SeiS-A, SeiS-B, SeiS-C, SeiS-D, 
and SeiS-E. Marker horizons separating the seismic units are labeled horizon 1 to horizon 5. 
Horizon 1, interpreted as a detachment, dips between 2° below the shelf to 7° below the thrust 
front (average dip 3.8°). 
 
Figure 4: Depth-migrated seismic section BGR86–20 and line drawing showing the main tectonic 
features of the central and southern zone of the study area (3× vertical exaggeration). The seismic 
line crosses the shelf, the slope, and the NW Borneo Trough. The NW Borneo deepwater fold-and-
thrust belt consists of eight major NE-SW–trending fault-related folds. Grayscales and horizons are 
as in Figure 3. Horizon 1, the detachment, dips between 2° below the shelf and 6° below the thrust 
front (average dip 3.5°); these values are only slightly steeper than those proposed for offshore 
northern Brunei (Morley 2007). 
 
3.1 Seismic interpretation 
The study area is characterized by a wide variety of slope geometries and structural 
styles (Figures 3 and 4). The north (lines BGR86-12, BGR86-14) exhibits a multitude of 
steep, southeast dipping thrust-related fold-anticlines, of which the youngest, most 
westward located anticlines exhibit a clear seafloor expression. The anticlines are closely-
spaced (average distance 2 to 5 km) and asymmetric. Individual anticlines show an 
oversteepened forelimb that developed above the upper tip of an associated thrust fault 
(Figure 3). The observed thrusts range in dip from 30° near the NW Borneo Trough to 
60° a few tens of kilometers landward. All thrust faults sole into a gently dipping 
detachment (average dip 3.8°, maximum dip 7°) that is imaged at depths between 5 and 
8 km, i.e. near the deformation front. High-amplitude reflector patches further east were 
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interpreted as a continuation of the detachment to depths of approximately 12 km below 
the NW Borneo shelf. Significant parts of the upper slope of the northern study area 
contain the “Major Thrust Sheet” previously defined by Hinz et al. (1989). New refraction 
seismic data document a high-velocity body at the basinward edge of this feature 
(Franke et al., 2008; Figure 3), possibly indicating the presence of a large carbonate 
body encased in siliciclastics, or a thrust block of Paleogene Crocker sediments. 
In the central part of the study area (lines BGR86-16, BGR86-18, BGR86-20), up to eight 
successive NE-SW trending thrust-related fold anticlines were observed (Figure 4), of 
which only 5 continue into the southern part of the study area (lines BGR86-22, BGR86-
24). South of the study area, Morley (2007) documented a further decrease in anticline 
frequency, by mapping four deepwater anticlines in the immediate vicinity of the offshore 
Sabah-Brunei border and three offshore the Baram Delta (Figure 2). As in the northern 
part of the study area, the anticlines are asymmetric and exhibit steep forelimbs above 
the upper tip of a basal thrust fault. However, the southern anticlines are wider-spaced 
(distance 4 to 15 km) and exhibit less surface expression (Figure 4). The associated 
thrust faults dip towards the SE and range in dip from 15° near the deformation front to 
40° below the present-day shelf edge. The thrusts probably ramp down into a south-
eastwards dipping basal detachment (average dip 3.5°, maximum dip 6°).  
 
South of the study area offshore Brunei Darussalam, the proximal portion of the NW 
Borneo slope contains shale diapirs (Figure 2B). On the seismic data presented, there is 
little indication that shale diapirism of this magnitude influences the slope region offshore 
Sabah. Between 2 and 6 km depth and 110 – 150 km along line BGR86-20 (Figure 4), 
dome-shaped chaotic reflections could be possibly interpreted as shale diapirs. However, 
the velocity analyses carried out in this study did not show any characteristic velocity 
push-down at the base of suspected diapirs (sensu Van Rensbergen and Morley, 2003). 
Furthermore, partly continuous reflections occur in the immediate vicinity of the fault 
zones, which is also atypical for diapirs. Therefore, we believe that the narrow zones of 
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chaotic reflectivity more likely represent steep faults.  
 
We have divided the sedimentary column into five seismic units (SeiS-A to SeiS-E from 
old to young) that are separated by five horizons (1, the basal detachment, to 5, the 
present-day seabottom) of high reflectivity and lateral continuity (e.g. Figures 3 and 4). 
Following the interpretation of Hinz et al. (1989) we assume a late Pliocene to recent age 
for stratigraphic unit SeiS-E, an early Pliocene age for stratigraphic unit SeiS-D, a 
possible latest Miocene age for stratigraphic unit SeiS-C and an early Miocene age for 
stratigraphic unit SeiS-B. Marker horizon (1) is the acoustic basement forming the basal 
detachment surface and is mapped at depths of 5 (NW) to 13 km (SE). The associated 
reflection is positive, of high continuity and shows prominent amplitudes particularly in 
depths less than 7 km (Figures 3 and 4). The acoustic substratum (unit SeiS-A) below 
Horizon (1) is characterized by a complex system of horsts, tilted blocks, grabens and 
halfgrabens within and westwards of the NW Borneo Trough. The grabens either show 
onlap fill with laterally continuous, parallel to subparallel reflections of moderate to high 
amplitudes, or a complex, nearly transparent fill pattern (Figures 3 and 4). The horst 
structures are commonly overlain by laterally continuous, parallel to subparallel reflectors 
with high amplitudes. The seismic response of Horizon (1) and the underlying unit SeiS-A 
deteriorates with increasing depth towards the eastern part of the study area (Figures 3 
and 4), and only segments of it exist below 9 km depth. 
 
Horizon (2) is a positive reflector, of high continuity mapped at depths of 3 km to 8 km. 
This reflection forms the top of unit SeiS-B, a unit characterized by laterally continuous, 
mainly subparallel to parallel reflectors of low to moderate amplitudes (Figures 3 and 4). 
In the western part of the study area, package SeiS-B onlaps onto and terminates 
against Horizon (1).  
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Horizon (3) is a continuous reflector showing a medium to high amplitude peak located at 
depths of 2 to 5 km. Horizon (3) is the top of seismic unit SeiS-C, a unit characterized by 
laterally continuous, subparallel to parallel reflections of low to medium amplitudes in the 
NW Borneo Trough, and by higher amplitudes and a wider reflector spacing on the NW 
Borneo slope (Figure 4). Throughout the survey area, unit SeiS-C shows an upward 
increase in amplitude and frequency.  
 
 
 
Figure 5: Detailed images of the seafloor and shallow-subsurface expression of fault-related folds 
in the central and southern parts of the study area. (A) Part of seismic section BGR86–20 showing 
a representative fold system near the present-day deformation front, providing stratigraphic detail 
of seismic units SeiS-C, SeiS-D, and SeiS-E (for facies description, see text). Note strong bottom 
simulating reflector (BSR) cutting across the anticline. (B) Part of seismic section BGR86–24 near 
the present-day deformation front imaging a fault-related fold and a large hanging-wall slump. 
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Horizon (4) is a positive reflector, of high continuity located in depths of 4 km near the 
NW Borneo Trough and 1.8 km near the shelf edge. Horizon (4) defines the top of the 
seismic sequence SeiS-D, a unit characterized by parallel to divergent reflections of 
moderate to high amplitudes, moderate to high frequency and high lateral reflection 
continuity (Figures 3 and 4). Internally, unit SeiS-D exhibits alternating intervals of 
moderate amplitudes and lower frequency and high amplitude zones with dense reflector 
spacing (Figure 5A). 
The present-day seabottom (Horizon 5) varies in depth between 2.8 km in the NW 
Borneo Trough and <100 m in the shelf regions. Horizon 5 defines the top of unit SeiS-E, 
a unit characterized by parallel, subparallel, chaotic and divergent reflections of moderate 
to high amplitude with variable frequencies and high reflection continuity (Figures 3 and 
4). Figure 5A shows the typical facies pattern of this seismic unit: the backlimbs of the 
thrust anticlines preserve growth strata with parallel, subparallel and divergent reflectors 
of medium to high amplitude and reflector spacing. These stratified units are commonly 
interbedded with chaotic seismic facies that may represent slump mass accumulations 
(Figure 5B). The latter may have been derived from the unstable, oversteepened 
forelimb of the landwards located thrust anticline (also see McGilvery & Cook, 2003; Gee 
et al., 2007). Another prominent feature within unit SeiS-E is the widespread occurrence 
of a strong bottom-simulating reflector (BSR) with a clear amplitude-reversal in 
comparison to the seafloor reflection (Figures 5A and 5B). The BSR is most distinct at the 
tops of the thrust anticlines at 250 to 300 m below seafloor.  
 
3.2  Structural restoration 
In order to evaluate the validity of the seismic-based structural and stratigraphic 
interpretation, reconstruct the tectonic evolution of the NW Borneo deepwater fold and 
thrust belt between the deposition of units SeiS-A to SeiS-E, and measure deformation 
associated with deepwater folding and thrusting, a series of 2D tectonic restorations (unit 
per unit, from young to old) was carried out on seismic lines BGR86-12, BGR86-14, 
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BGR86-18, BGR86-20, BGR86-22 and BGR86-24 (locations see on Figure 2A). Line 
BGR86-16 was excluded from structural restoration due to limited data quality. On all 
other lines, the retro-deformation work included 1) the fault-by-fault restoration of thrust 
displacement 2) fold-by-fold unfolding, 3) unit-wide decompaction and 4) unit-wide 
isostatic correction. It was assumed that there was no movement of material into or out 
of the individual section planes. 
 
Figure 6: Schematic illustration of the structural restoration approach of this study. (A) 
Representative interpretation of a fault-related fold. Dashed circles mark the fault-horizon 
intersections on footwall and hanging-wall sides. (B) Section after fault restoration balancing 
displacement of top horizon. (C) Flexural-slip unfolding of top horizon. Underlying surfaces are 
carried with the top surface along the same movement vectors as it is deformed with the flexural-
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slip algorithm. (D) Target fold after removal of restored sedimentary unit followed by decompaction 
and isostatic correction. 
 
For fault restoration, we used a Trishear algorithm sensu Erslev (1991) in which fault 
displacement was accommodated by heterogeneous shear in a triangular zone radiating 
from the fault tip line (Figure 6A). After each step of restoring a hanging-wall horizon 
cut-off to its position before faulting, remnant folding of the target horizon was balanced 
using flexural-slip sensu Griffiths et al. (2002; see Figure 6B). This two-step fault-
restoration/unfolding approach was carried out systematically within each stratigraphic 
unit starting at the deepwater deformation front and progressively moving landwards. 
Fault displacement, throw, heave, fold-related shortening and total shortening was 
measured incrementally along each section. Complete fault restoration and unfolding 
within each stratigraphic unit was followed by a section-wide decompaction sensu Sclater 
and Christie (1980) and an isostatic correction sensu Burov and Diament (1982). 
 
Figure 7 is a representative example of the unit-per-unit restoration of the NW Borneo 
deepwater fold-thrust belt based on the retro-deformation of seismic line BGR86-24. 
Figure 8 summarizes the restoration results of all balanced sections of this study 
documenting total shortening of each section as well as incremental shortening during 
times of development of stratigraphic units SeiS-B, SeiS-C and SeiS-D. The total 
shortening values measured across the ca. 120-km-wide study area range from 8 to 13 
km per section (Figure 8). Low total shortening is observed in the very north (8 km; line 
BGR86-12) and very south of the study area (10 km; line BGR86-24). From south to 
north, total shortening increases from 10 km (line BGR86-24) to a maximum of 13 km at 
line BGR86-22. Shortening decreases 20 to 40 km northwards to 12 km (lines BGR86-20 
and BGR86-18). At line BGR86-14, total shortening was determined to be 10.5 km, 
before reaching a minimum of 8 km at line BGR86-12. If broken into incremental steps, 
the spatial distribution of shortening remains non-uniform, but shortening increases 
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through time (Figure 8).  
 
 
Figure 7: Representative example of a tectonic restoration (deep-water section BGR86–24 and 
interpretation). (A) The present-day geological situation with an 86 km distance between the deep-
water deformation front (pin 1 at the upper tip of the youngest thrust fault) and the present-day 
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shelf edge (pin 2). (B) Interpreted section BGR86–24 after complete fault restoration and unfolding 
of the top of unit SeiS-D, including decompaction and isostatic correction. Fault restoration and 
unfolding have restored the distance between pins 1 and 2 (91.5 km; 5.5 km of shortening). (C) 
Section BGR86–24 after retrodeformation, decompaction, and isostatic correction of the top of unit 
SeiS-C; restored cross-section length between pins 1 and 2 is 93.5 km. (D) Interpreted section 
BGR86–24 after tectonic balancing, decompaction, and isostatic correction of the top of unit SeiS-
B, finally restoring the cross section to a length of around 96 km between pins 1 and 2 (2.5 km of 
shortening, for a total of 10 km of shortening). The change in basement dip (top unit SeiS-A) 
between A and D is a result of the sequential isostatic compensation after each restoration step. 
The location of seismic line BGR86–24 is indicated on Figure 2. 
 
3.3 Compression versus extension 
The results of the fault restoration and unfolding of six shelf-to-basin transects across the 
NW Borneo deepwater fold-thrust belt offshore Sabah indicate a significant regional 
variation in both total crustal shortening as well as incremental crustal shortening 
through time. We consider the observed shortening variations between the individual 
transects as valid, although absolute shortening values might carry an error of up to 15% 
taking into account seismic-processing uncertainties (i.e. depth migration), horizon-
interpretation errors (i.e. across-fault correlation) or uncertainties during restoration 
(included in Figure 8). A comparison of our interpretations with published data of 
deepwater Sabah (Hinz et al., 1989; Petronas, 1999; Ingram et al., 2004) and adjacent 
areas of Brunei Darussalam (Sandal, 1996; Van Rensbergen and Morley, 2001; Saller 
and Blake, 2003; Morley, 2007; Morley and Back, 2008; Gee et al., 2008) documents 
that our fault and horizon interpretations fit well into a margin-scale geological 
framework. Based on our stratigraphic subdivision, we can associate a rather uniform 
shortening reconstruction of calculate 3 km in late Miocene and early Pliocene times. 
Since the late Pliocene, the study area underwent a major shortening of 4 - 8 km with 
the maximum shortening located in the central part of the study area between lines 
BGR86-22 and BGR86-18. Despite a large Pliocene to recent sediment influx from the 
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shelf to the continental slope (Sandal, 1996; Petronas, 1999; Van Rensbergen and 
Morley, 2000), the stepped topography of the fold-belt is not levelled-out on the modern 
seafloor (Figures 3 and 4; also see detailed 3D-seafloor images of Morley, 2007; Gee et 
al., 2008), indicating that many folds and faults in the study area are active today. 
 
Figure 8: Shortening values calculated during tectonic restoration for three incremental time 
steps: shortening archived in unit SeiS-D (late Pliocene to recent) is between 5 and 7 km, 
shortening within unit SeiS-C (early Pliocene to late Pliocene) is between 2 and 4 km, and 
shortening in unit SeiS-B (latest Miocene to early Pliocene) is between 1 and 3 km. Total 
shortening calculated for latest Miocene to recent times ranges between 8 and 13 km. 
 
The increase in crustal shortening from the Pliocene until today might be interpreted as 
gravity-driven shortening related to major Pliocene shelfal growth. To test this 
hypothesis, we compiled published seismic data from the Sabah Shelf (e.g., Bol and Van 
Hoorn, 1980; Levell, 1987; Hazebroek and Tan, 1993; Petronas, 1999; Ingram et al., 
2004), Brunei Shelf (e.g., Sandal, 1996; Watters et al., 1999; Van Rensbergen and 
Morley, 2000; Imber et al., 2003; Morley et al., 2003; Saller and Blake, 2003) and 
deepwater Brunei (Morley, 2007; Morley and Back, 2008; Gee et al., 2008). This dataset 
documents large-scale compressional and extensional features affecting the Pliocene to 
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recent basin fill offshore NW Borneo (Figure 9). The measurement of post-Miocene fault 
heaves (20 sections) and fold-related shortening (6 sections) in nearshore northern 
Sabah and onshore Brunei limits NW-SE directed extension on the NW Borneo shelf to a 
maximum of 6 km offshore Brunei Bay, decreasing northward to < 1 km offshore Kota 
Kinabalu. In contrast, the post-Miocene shelfal compression along NW Borneo shows an 
opposite trend: the maximum of fold-related shortening is found in near-shore Sabah 
north of Gordon-Klias (Figure 9B), whereas Pliocene shortening on the Brunei shelf is 
limited to a few inversion features of limited extent (Morley et al., 2003). 
 
Figure 10 is a synoptic plot of Pliocene to recent deepwater, outer shelf and nearshore 
shortening (Figure 10A) and extension estimates (Figure 10B) of this study between 
offshore Brunei Darussalam and the Gaya Hitam area offshore Sabah (Figure 9). In the 
very south of the study area (south of line BGR86-24), there is an overall balance 
between deepwater compression and shelfal extension, indicating that gravity-driven 
processes could be the primary control for deepwater shortening. However, shelfal 
extension significantly decreases north of line BGR86-24 causing an imbalance between 
shallow-water extension and deepwater compression. We interpret the shortening 
surplus in this part of the study area as an indication of northward increasing Pliocene to 
recent basement-driven compression (Figure 10C). The interpreted decrease in 
basement-driven compression between lines BGR86-18 and BGR86-12 possibly reflects 
the lack of neotectonic data from nearshore and onshore Sabah around Kota Kinabalu 
(Figure 9), or incomplete fault balancing below the high-velocity body of seismic line 
BGR86-12 (Figure 3).  
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Figure 9: (A) Location map showing all deep-water, outer-shelf, nearshore, and onshore 
seismic sections (dashed lines indicate published data) used in this study for measuring late 
Pliocene to present-day shortening and extension. Numbers on map refer to locations and 
data sources provided below. (B) Comparison of late Pliocene to recent deep-water 
shortening values (calculated for unit SeiS-D) of this study with published data. The southern 
part of the study area offshore Brunei Bay shows an approximate balance between shelfal 
extension and deepwater compression, whereas the northern study area is characterized by 
waning extension values and dominant compression. 
 
4.  Discussion 
The structural interpretation and restoration approach in this paper tries to account 
for and separate the processes have influenced the geometry and evolution of the 
deepwater fold-thrust belt offshore NW Borneo. The following arguments support an 
interpretation of the fold-thrust system as being at least partly controlled by active 
basement-driven shortening. (1) The fault-related folds of the present-day 
deepwater thrust front show a seabed expression, documenting that deformation is 
still ongoing today. (2) Our restoration work resolves a two-fold trend of shortening 
along the over 250 km long deepwater-margin segment studied for Pliocene to 
recent times: in the very south of the study area offshore Brunei, deepwater 
shortening equals estimates of shelfal extension (Figure 10). This suggests that 
shelfal growth might act as an important control for gravity-driven, shallow-seated, 
overburden-restricted shortening of the deepwater fold-thrust belt. In contrast, 
further north in offshore Sabah, deepwater shortening cannot be balanced by 
shelfal extension. The observed tectonic imbalance between the shallow water and 
deepwater provinces indicates the presence of an excess shortening that is best 
explained by basement involvement. (3) Figure 11 provides an isopach map of the 
Pliocene to recent sediment fill of the greater study area between offshore Brunei 
(Morley and Back, 2008) and deepwater Sabah (this study). The distribution of 
modern sediment shows a maximum of over 6000 m in the very south of the study 
area immediately beyond the shelfbreak of offshore Brunei, whilst the Sabah slope 
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is characterized by Pliocene to recent sediment fill not exceeding 4000 m. This 
sediment distribution suggests that gravity-driven, overburden-controlled processes 
should decline towards the north of the study area. However, our structural 
interpretation documents a northwards increase in the frequency of folds and faults 
(see Figures 3, 4 and 11). In the northernmost part of the study area, the intense 
deformation observed may be related to the impact of the high-velocity body 
interpreted by Franke et al. (2008), a rigid obstacle that restricted deformation to 
the distal slope portion of the NW Borneo fold-thrust belt. (4) Previous studies have 
documented Pliocene to recent inversion of older fault systems as well as folding 
both onshore Borneo and on the inner NW Borneo shelf, deformation that has been 
attributed to plate margin stress, consistent with a tectonically active margin 
(Morley et al., 2003; Morley, 2007; Back et al. 2008).  
 
Figure 10: Late Pliocene to Holocene deep-water shortening values and shelfal extension 
estimates: (A) Deep-water shortening values offshore Sabah (this study) and from published 
data of deep-water Brunei Darussalam (Sandal, 1996; Van Rensbergen and Morley, 2000; 
Morley, 2007; Gee et al., 2007; Morley and Back, 2008). (B) Shelfal extension measured on 
20 published seismic sections (section locations and references are shown on Figure 9). (C) 
Shortening surplus calculated from balancing deep-water shortening and shelf extension. The 
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apparent decrease of the shortening surplus in the very north of the study area possibly 
results from insufficient information on Pliocene to Holocene folding and thrusting in 
nearshore and onshore Sabah. 
 
Figure 11: Isopach map of the Pliocene to Holocene sediment fill between offshore Brunei 
(Morley and Back, 2008) and deepwater Sabah (this study). Offshore Brunei exhibits a 
maximum thickness of 6 km. The thickness of this sedimentary unit decreases to the north, 
with a maximum of 4 km offshore Sabah. This northward decrease in thickness coincides 
with a northward increase of fold and fault frequency between offshore Brunei and offshore 
northern Sabah.  
 
We feel that the above observations support our interpretation of active basement 
involvement for crustal shortening of the NW Borneo deepwater fold-thrust belt in 
recent times. However, in the southern part of the greater study area, gravity-
related delta tectonics may have played a significant (if not dominant) role in the 
balances and can explain the deepwater folds and thrusts. This is not the case in 
the northern part of the study area, where shelfal extension strongly declines, 
causing a significant increase in calculated basement-driven compression (Figure 
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10). Given the uncertainties of this study, it is difficult to judge whether the 
measured basement-driven compression gradually increases northwards, or if there 
is an abrupt increase north of line BGR86-24.  
 
Figure 1 shows that Borneo is located in the tectonically active South-China Sea 
region close to major plate boundaries. However, the role of Borneo in the large-
scale plate-tectonic context of SE Asia both in the past and in the present is still 
under discussion (e.g. Replumaz et al., 2004; Pubellier et al., 2005; Hall et al., 
2008). A range of modern studies based on GPS-measurements (e.g. Chamot-
Rooke & Pichon, 1999; Rangin et al., 1999; Simons et al., 2007; see Figure 12) 
proposes recent westward movement of NW Borneo with respect to the Sundaland 
block (Figure 1). The GPS vectors of these studies are converging on similar values 
for different stations in North Borneo (Figure 12A, B), but represent only 10 years 
worth of observations in comparison to the restoration of 3 Ma of basement-driven 
contraction presented in this paper (Figure 12C). The results of our tectonic 
reconstruction document that pure basement-related shortening (Figure 10) is 
concentrated in the northern part of our study area with rates between 1 and 5 km 
per 3 Ma, equivalent to a long-term shortening rate of 0.3 to 1.6 mm/yr. This rate 
is less than that predicted by modern GPS-monitoring (Figure 12). Our study 
indicates a SE-NW directed compression perpendicular to the main fold and thrust 
trend, whereas the land-based short-term GPS-vectors are either ESE-WNW 
(Rangin et al., 1999) or E-W (Simons et al., 2007). Although the different motion 
predictions (Figure 12) are difficult to compare with respect to scale and 
methodology, all models predict present-day tectonic activity in NW Borneo. 
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Figure 12: Global positioning system (GPS)–based movement vectors of NW Borneo with 
respect to the Sundaland block (Fig. 1) and measurements of basement-driven deep-water-
shortening (this study). (A) Movement vector after Rangin et al. (1999) suggesting a WNW-
directed motion of northern Borneo of ~10 mm/yr with respect to a “Sunda plate” that is 
interpreted to be accommodated by crustal shortening in a “North Borneo Trench.” (B) 
Movement vectors of NW Borneo after Simons et al. (2007), proposing a general westward 
motion of NW Borneo between 3 and 6 mm/yr with a significant amount of shortening that is 
interpreted to be accommodated in an active “NW Borneo Trench.” (C) Long-term 
deepwater-shortening values calculated in this study suggesting a general northwestward-
directed compression between 1 and 5 km in 3 m.y. (0.3–1.6 mm/yr). 
 
5. Conclusions 
The deepwater portion of NW Borneo has been structurally balanced and restored in 
order to investigate the controlling mechanisms of deepwater folding and thrusting. 
Key results of this tectonic reconstruction are: 
(1) Total crustal shortening measured along six shelf-to-basin transects across the 
NW Borneo deepwater fold-thrust belt ranges from 8 to 13 km. These values 
represent the sum of shortening calculated for three incremental time steps, late 
Pliocene to recent (5 – 7 km per section), early Pliocene to late Pliocene (2 – 4 km 
per section), and latest Miocene to early Pliocene (1 – 3 km per section). Our data 
indicates that total shortening generally increases through time. The seafloor 
expression of active folds indicates significant recent tectonic activity of deepwater 
faults and folds. 
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(2) When analyzed against shelfal extension, the NW Borneo deepwater fold-thrust 
belt exhibits a two-fold trend of shortening along the over 250 km portion studied: 
in the south (offshore Brunei Darussalam and southern Sabah), Pliocene to recent 
deepwater shortening equals shelfal extension. This observation suggests that 
modern shelfal growth probably acts as a primary control for gravity-driven, 
shallow-seated, overburden-restricted shortening of the fold-thrust belt. In 
contrast, offshore northern Sabah deepwater shortening exceeds shelfal extension. 
In this region, the observed dominance of deepwater shortening is interpreted to 
reflect Pliocene to recent deep-rooted, collision-related basement tectonics. 
 
(3) The subtraction of shelfal extension from total shortening provides information 
on collision-related basement compression throughout the study area. If viewed 
from south to north along the deepwater fold-thrust belt, basement-driven 
shortening increases northwards. We interpret this trend to document a generally 
northwards increase of basement-driven compression that significantly contributes 
to present-day deepwater folding and thrusting. 
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Chapter 3 Deepwater folding and thrusting offshore NW Borneo, SE 
Asia 
 
Abstract 
The slope and deepwater portion of the offshore NW Borneo continental margin 
hosts a number of proven hydrocarbon accumulations. Reprocessed and post-stack 
depth-migrated regional 2D seismic data reveal the occurrence of an extensive 
series of deepwater folds located at the leading edges of imbricate thrusts. Typical 
thrust-top folds include (1) anticlines characterised by large interlimb angles that 
lack a seafloor expression; (2) anticlines with medium interlimb angles that show a 
clear seafloor expression and normal faulting in the crest; and (3) anticlines with 
small to medium interlimb angles, a clear seafloor expression, and intensive crestal 
faulting associated with partial crestal failure. The different fold types occur at 
specific locations within the fold-thrust system, the widest and youngest anticlines 
near the present-day thrust front, and the narrowest and oldest folds in the most 
landward parts of the fold-thrust belt.  
 
Geometric restoration of the deepwater fold-thrust system along six regional shelf-
to-basin cross sections provides incremental measurements of fault- and fold-
related shortening for the time between the Miocene and present-day in deepwater 
NW Borneo. Across the study area, the main thrust and fold activity appears to be 
largely of Pliocene–Holocene age. An apparent maximum of both incremental and 
total shortening is located in the central part of the study area. This location 
coincides with the maximum width of the fold-thrust belt and the preferential 
location for the development of the most recent deepwater anticlines. 
 
Hesse, S., Back, S.,  Franke, D., 2010b. Deepwater folding and thrusting offshore 
NW Borneo, SE Asia. In: G. P. Goffey, G.P., Craig, J., Needham T., Scott S., (eds.) 
Hydrocarbons in Contractional Belts. Geological Society, London, Special 
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1. Introduction 
Deepwater fold-thrust belts develop at both active and passive continental margins. 
At several locations they are the focus of hydrocarbon exploration, with thrust-
hanging-wall anticlines representing the prime trapping structures (e.g. Morgan, 
2003; Ingram et al., 2004). At the continental margin of NW Borneo (Figure 1), two 
key mechanisms have been discussed as main controlling factors for deepwater 
thrusting and folding, (1) basement driven crustal shortening, and (2) gravity-
related delta tectonics. Based on regional 2D reflection seismic data, Hinz et al. 
(1989) interpreted the deepwater tectonics offshore NW Borneo as reflecting a 
continent-continent collision, and that regional compression induced major 
thrusting that continued until today. In contrast, Hazebroek and Tan (1993) draw 
attention to the similarities of structures with thrusts at the toe of the Niger Delta, 
suggesting that deepwater folding and thrusting offshore NW Borneo primarily 
developed in response to gravitational delta tectonics. Between these two end-
member interpretations, Ingram et al. (2004), Morley and Leong (2008) and Hesse 
et al. (2009) suggested that the compressional deformation in the deepwater area 
offshore NW Borneo was influenced by both deep-seated crustal shortening and an 
overburden-restricted, gravity-related toe thrusting.  
 
This study presents over 1700 km post-stack depth-migrated, two-dimensional 
(2D) multichannel seismic data (Figure 1B) that image in total over 50 folds in the 
compressional domain of the NW Borneo deepwater fold-thrust belt. The analysis of 
the depth-migrated data allows the determination of true subsurface geometries of 
faults, fault-related folds, and associated syn-kinematic deposits. Regional 
structural and stratigraphic interpretations of the deepwater dataset are used as 
input for a stepwise geometric retro-deformation of the deepwater thrusts and folds 
encountered offshore NW Borneo, providing quantitative constraints for the 
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shortening of the fold-thrust belt between the Miocene and present-day. 
The results of the incremental tectonic restoration are used for the delineation of 
the relation between variable fold styles and lateral variations in tectonic 
shortening, taking modifications by external parameters such as basement 
configuration or variable sediment input into account. The observations presented 
might help to identify future exploration targets in deepwater fold-thrust belts. 
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Figure 1: (A) Regional location map of the NW Borneo study area (black rectangle) in South 
East Asia. (B) Structural map showing the key tectonic elements of NW Borneo and the 
location of the 2D regional seismic data analysed in this study. Bathymetric contours are 
drawn at 500 m intervals. Bold black line indicates location of cross-section A–A'. (C) 
Regional geological cross-section across NW Borneo along line A–A'. The section is based on 
offshore seismic reflection data (Sandal, 1996, Van Rensbergen and Morley, 2000), onshore 
seismic reflection and well data (Back et al., 2008), geological maps (Sandal, 1996; Back et 
al., 2001; Back et al., 2005) and models for the tectonic development of northern Borneo 
(e.g. James, 1984; Morley et al., 2003; Morley and Back, 2008). 
 
2. Geological Framework 
The principal features of the geological evolution of northern Borneo are 
summarised in Liechti et al. (1960), Wilford (1961), Hamilton (1979), Hinz et al. 
(1989), Hutchison (1996a, b), Milsom et al. (1997), Petronas (1999), Hutchison et 
al. (2000), Hall and Wilson (2000), Morley et al. (2003), Morley and Back (2008) 
and Hall et al. (2008). Northern and Central Borneo were built from the Mesozoic to 
recent and record a complex plate tectonic history involving oceanic and continental 
crust. Today, NW Borneo is a mountainous region (Figure 1) exposing Cretaceous-
Eocene deepwater clastic deposits that are thrusted, folded and locally 
metamorphosed to phyllites (Crocker and Rajang Groups exposed in the Crocker 
Mountain Range; for detailed description see Hutchison, 1996a, b), and Eocene to 
Lower Miocene sand-rich turbidites (Crocker Formation; for a detailed description 
see Van Hattum et al., 2006). These Crocker sediments are commonly interpreted 
to represent deepwater units in or adjacent to an accretionary prism. Several 
authors proposed that NW Borneo is underlain largely by Mesozoic ophiolitic rocks 
(e.g. Hutchison, 1996a; Hall and Wilson, 2000), mainly due to the fact that 
wherever deeper basement rocks are exposed they are dominantly ultrabasic to 
basic rocks and their probable metamorphosed equivalents (see e.g. Hutchison, 
1996a; Hall et al. 2008). 
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During Oligocene–Early Miocene times, the South China Sea opened by sea-floor 
spreading. Seafloor-spreading anomalies in the South China Sea oceanic basin 
range from magnetic anomaly 11 (~32 Ma) to anomaly 5c (~16 Ma; Taylor and 
Hayes, 1980; Briais et al., 1993). This contrasts the work of Barckhausen and 
Roeser (2004) that identify the same anomalies differently providing an age of 20.5 
Ma for the termination of seafloor spreading (based on their magnetic anomaly 
6A1). With the opening of the South China Sea, the thinned continental crust of the 
Dangerous Grounds region was rifted away from the southern margin of China (e.g. 
Holloway, 1981; Hinz and Schlüter, 1983; Taylor and Hayes, 1983; Briais et al., 
1993). On the southeastern side of the Dangerous Grounds, Hinz and Schlüter 
(1983) interpreted an older region of oceanic crust, the Proto-South China Sea. 
During the Paleogene, this Proto-South China Sea closed most likely due to a SE-
directed subduction beneath NW Borneo. Following complete subduction of the 
Proto-South China Sea oceanic crust, continental crust of the Dangerous Grounds 
region was partially subducted beneath the Crocker Formation basin of NW Borneo 
in the latest Early Miocene before its buoyancy locked the system (James, 1984; 
Levell, 1987; Hazebroek and Tan, 1993; Hutchison, 1996a,b; Sandal, 1996; Hall, 
1996; Milsom et al., 1997). Subsequently, northern Borneo experienced significant 
contractional deformation as documented onshore in folded sedimentary units of 
late Early Miocene to Middle Miocene ages (e.g. Sandal et al., 1996; Back et al., 
2001; Morley et al., 2003; Back et al., 2005; Back et al., 2008) as well as offshore 
in folded and thrusted Middle Miocene to present-day shelf and slope sequences 
(e.g. Levell, 1987; Hinz et al., 1989; Hazebroek and Tan, 1993; Morley et al., 
2003; Ingram et al., 2004). 
 
On the shallow NW Borneo shelf, late Neogene contraction coincided with the 
development of major synsedimentary normal faults in the up to 10-km-thick late 
Neogene deltaic overburden (Figure 1C). This “thin-skinned” extensional 
deformation was superimposed on deep-seated compressional structures and 
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generated, particularly in the southern part of the NW Borneo shelf, a multitude of 
complex tectonic features influenced by both extensional and compressional 
tectonics (Morley et al., 2003). The interference of extensional and compressional 
structures mainly affected the sedimentary succession landwards of the present-
day shelf break, beyond which a purely compressional fold-thrust belt developed 
(Figures 2, 3, 4). Recent tectonic deformation in the deepwater thrust-belt is 
documented by the prominent seafloor expression of several thrust hanging-wall 
anticlines, with the youngest structures forming at the thin, distal part of the 
sediment wedge near the NW Borneo Trough (Figures 2, 3, 4; Ingram et al., 2004; 
Morley, 2007; Gee et al., 2007; Hesse et al., 2009). 
 
3. Seismic data 
The seismic data of this study was acquired by the Federal Institute for Geosciences 
and Natural Resources (BGR) in 1986. The data presented were recently re-
processed and depth-migrated. The pre-stack processing included trace editing, 
CMP-sort (25 m spacing), predictive deconvolution, amplitude correction for 
spherical divergence based on stacking velocities, normal moveout correction and 
muting. Multiple attenuation was performed by Radon velocity filtering technique 
that was combined with an inner trace mute providing sufficient results. Stacking 
velocities were picked at regular intervals of 1.5 km along every line. Afterwards 
the NMO-correction the seismic data were stacked. The velocity field for the post-
stack depth migration was estimated by a step by step approach based on the 
stacking velocities determined by semblance analysis. The velocity information was 
converted into interval velocities using a smoothed-gradient algorithm. The final 
depth-migration algorithm used was an implicit finite difference (FD) migration 
code. FD time-migration was run for quality control of the post-stack depth 
migration. All data presented in this paper are displayed with no additional gain 
applied and with a mute above the seabottom. 
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Figure 2: NW-SE oriented, depth-migrated seismic sections BGR86-12 and BGR86-14 of the 
northern study area and line drawing showing the main tectonic and stratigraphic features. 
The seismic sections cross the shelf, the slope and the NW Borneo Trough. At the landward 
edge of section BGR86-12, a high-velocity body is observed that masks the seismic signal of 
the underlying strata. Different colours indicate seismic units U1, U2, U3, U4 and U5. For 
section location see Figure 1B. Studied anticlines labelled A to G plus corresponding seismic-
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section number and interlimb angle measured. 
 
Figure 3: NW-SE oriented, depth-migrated seismic sections BGR86-18 and BGR86-20 
(location of the seismic lines shown in Figure 1B), and line drawing illustrating the main 
tectonic and stratigraphic features of the central part of the study area. The seismic lines 
image the shelf, slope and foot of slope and the eastern edge of the NW Borneo Trough. 
Colours and labelling as in Figure 2. 
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Figure 4: NW-SE oriented, depth-migrated seismic sections BGR86-22 and BGR86-24 of the 
southern part of the study area and line drawings showing the main tectonic and 
stratigraphic features. For section location see Figure 1B. Colours and labelling as in Figure 
2. 
 
4. Cross-section geometry 
The study area is characterised by a wide variety of slope geometries and structural 
styles (Figures 2, 3, 4). The north (lines BGR86-12, BGR86-14; Figure 2) exhibits a 
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multitude of steep, southeast dipping thrust-related fold-anticlines, of which the 
youngest, most westward located anticlines exhibit a clear seafloor expression. The 
anticlines are closely-spaced (average distance 2 to 5 km) and asymmetric. 
Individual anticlines show an oversteepened forelimb that developed above the 
upper tip of an associated thrust fault. The observed thrusts range in dip from 30° 
near the NW Borneo Trough to 60° a few tens of kilometres landward. Near the 
present-day deformation front, the thrust faults sole into a gently dipping 
detachment (average dip 3.8°, maximum dip 7°) that is imaged at depths between 
5 and 8 km. High-amplitude reflector patches further east can possibly be 
interpreted as a detachment continuation to depths of approximately 12 km below 
the NW Borneo shelf (Hesse et al. 2009); a connection between the thrust roots 
and these reflector patches cannot be proven due to the deterioration of the 
seismic signal with depth (Figure 2). Significant parts of the upper slope of the 
northern study area contain the “Major Thrust Sheet” previously defined by Hinz et 
al. (1989). New refraction seismic data document a high-velocity body at the 
basinward edge of this feature (Franke et al., 2008; Figure 2), indicating the 
presence of a large carbonate body encased in siliciclastics, or a thrust block built of 
Paleogene Crocker sediments.  
 
In the central and southern parts of the study area (e.g. BGR86-18, BGR86-20, 
lines BGR86-22, BGR86-24; Figures 3 and 4), up to eight successive NE-SW 
trending thrust-related fold anticlines were observed. As in the northern part of the 
study area, the anticlines are mostly asymmetric and exhibit steep forelimbs above 
the upper tip of a basal thrust fault. However, the southern anticlines are wider-
spaced (distance 4 to 15 km) and exhibit less surface expression (Figure 4). The 
associated thrust faults dip towards the SE and range in dip from 15° near the 
deformation front to 40° below the present-day shelf edge. As in the northern study 
area, the downward continuation of the thrusts towards the south-eastwards 
dipping basal detachment remains speculative due to insufficient seismic resolution. 
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For a regional stratigraphic subdivision, five seismic units were mapped (U1 to U5 
from old to young) that are separated by five marker reflections of high amplitude 
and lateral continuity (Figures 2, 3, 4). Due to the lack of deepwater well data, we 
followed chronostratigraphic levels defined by Hinz et al. (1989) that provide an 
approximate Late Pliocene to recent age for stratigraphic unit U5, an Early to Late 
Pliocene age for stratigraphic unit U4, a latest Miocene to Early Pliocene age for 
stratigraphic unit U3, and an undifferentiated Miocene age for stratigraphic unit U2. 
A comparison of this regional stratigraphic framework with published data of 
deepwater Sabah (e.g. Petronas, 1999; Ingram et al., 2004) and adjacent areas of 
Brunei Darussalam (Sandal, 1996; Van Rensbergen and Morley, 2001; Saller and 
Blake, 2003; Morley, 2007; Morley and Back, 2008; Back et al. 2008; Gee et al., 
2008) documents that the horizon levels defined in this study fit well into a margin-
scale geological framework. 
 
The lowermost marker reflection is the top of the acoustic basement, which occurs 
at depths between 5 (NW) and 13 km (SE). The basement reflection is positive, of 
high continuity and shows prominent amplitudes particularly in depths less than 7 
km (Figures 3 and 4). The acoustic substratum (unit U1) below probably comprises 
systems of horsts, tilted blocks and graben structures. The basement grabens 
either show onlap fill with laterally continuous, parallel to subparallel reflections of 
moderate to high amplitudes, or a complex, nearly transparent fill pattern (Figures 
2, 3, 4). The horst structures are commonly overlain by laterally continuous, 
parallel to subparallel reflectors with high amplitudes. The seismic response of the 
top of unit U1 deteriorates with increasing depth towards the eastern part of the 
study area, and only segments of it exist below 8 km depth.  
 
Above the acoustic basement, seismic unit U2 defines a zone dominated by seismic 
noise, and only locally subparallel reflections of low to moderate amplitudes occur 
(Figures 2, 3, 4). The top of unit U2 is an amplitude peak of relatively high lateral 
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continuity, mapped at depths between 3 km and 8 km. In the western part of the 
study area, seismic unit U2 onlaps onto and terminates against the top of the 
acoustic basement (unit U1). Succeeding seismic unit U3 is characterised by 
laterally continuous, subparallel to parallel reflections of low to medium amplitudes 
in the NW Borneo Trough, and by higher amplitudes and a wider reflector spacing 
on the NW Borneo slope (Figures 2, 3, 4). Throughout the survey area, unit U3 
shows an upward increase in amplitude and frequency. The top of the unit is 
defined by a continuous seismic reflector of medium to high positive amplitudes 
located at depths of 2 to 5 km. 
 
Seismic unit U4 is characterised by parallel to divergent reflections of moderate to 
high amplitudes, moderate to high frequency and high lateral reflection continuity 
(Figures 2, 3, 4). Internally, unit U4 exhibits alternating intervals of moderate 
amplitudes and lower frequency and high amplitude zones with dense reflector 
spacing. The top of unit U4 is mapped on a positive reflection of high continuity, 
located in depths of 4 km near the NW Borneo Trough and 1.8 km near the shelf 
edge. 
 
The present-day seabottom forms the top of unit U5, a unit characterised by 
parallel, subparallel, chaotic and divergent reflections of moderate to high 
amplitude with variable frequencies and high reflection continuity (Figures 2, 3, 4). 
The typical slope and deepwater pattern of this seismic unit reflects growth strata 
preferentially stored on the backlimb sides of thrust anticlines associated with 
parallel, subparallel and divergent reflectors of medium to high amplitude and 
reflector spacing. In places, the stratified seismic facies is interbedded with chaotic 
seismic units that are interpreted as slumped mass accumulations. These deposits 
most likely originated from the unstable, oversteepened forelimbs of the respective 
thrust anticline landwards (also see McGilvery & Cook, 2003; Gee et al., 2007). 
Particularly in the southern and central shelfal parts of the study area, unit U5 is 
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affected by the development of major syn-sedimentary normal faults. 
 
5. Anticline geometry across the slope 
The following paragraphs present a detailed description of the anticline geometries 
of deepwater NW Borneo including dip and interlimb angle measurements (Figure 
5), and the architecture of the associated sedimentary units, starting at the 
deformation front and successively moving landwards up to the present-day shelf. 
The typical fold styles encountered are (1) anticlines that are gently folded, lacking 
seafloor expression, (2) anticlines with a clear seafloor expression that are 
internally affected by normal faults, and (3) anticlines that are internally affected 
by normal faults and on the flanks by mass movement deposits.  
 
Figure 5: Measured interlimb angles (in degree) and schematic diagram illustrating relevant 
measured anticline angles including fold interlimb angle, forelimb- and backlimb dip. 
Anticline labels correspond to annotation on Figures 2, 3, and 4. Labelling is per section, i.e. 
anticlines do not necessarily continue into adjacent sections. 
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The most distal, smoothly rounded anticlines A12, A14, B14, A18, A20, A22 
(Figures 2 to 4) that show no seafloor expression represent the youngest 
generation of anticlines of the deepwater fold-thrust belt. These anticlines are 
generally symmetric with gently dipping limbs (1° to 5°). The interlimb angles 
average 175° (Figure 5). Around this youngest fold generation, the sedimentary 
succession maintains its thickness and solely the uppermost reflectors show a 
subtle stratal thinning towards the anticline crest. Most of these subrecent to recent 
folds are covered by ca. 200 m sediment.  
 
Anticlines C14, B18, B20, B22 (Figures 2 to 4) of the more proximal portions of the 
fold-thrust belt show a clear seafloor expression, are affected by normal faults at 
their tops, and verge basinwards. These anticlines are characterised by interlimb 
angles between 152° and 174° (Figure 5), exhibiting short and steep forelimbs with 
dip angles between 10° and 20° (Figures 2 to 4). Low reflectivity or blankening 
zones usually characterise the forelimb domain. These zones are possibly caused by 
fluids or gas and a large number of narrow normal faults at the limit of seismic 
resolution. The wider backlimbs are dipping landwards with angles averaging 13°. 
Numerous planar to mildly curved, small-scale normal faults mark the crests of 
these anticlines. 
 
The majority of the anticlines located further landwards (B12 to E12, D14 to G14, 
C18 to E18, C20 to H20, C22 to H22, A24 to E24; Figures 2 to 4) exhibit a clear 
seafloor expression and are significantly affected by mass movement processes. 
The interlimb angles of these anticlines average 140° (Figure 5). The dips of the 
forelimbs average 25°, with a general increase in dip in landward direction. A vast 
part of the relatively steeply dipping forelimbs is seismically transparent due to the 
deflection of the seismic signal. The backlimbs of the anticlines dip generally more 
gentle than the forelimbs, at average 20°. Similar to the more basinward anticlines, 
these anticlines are affected by numerous normal faults at the fold crests. Figures 3 
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and 4 image anticlines F18, I22 and F24, which are folds at the burial stage located 
in the immediate vicinity of the present-day shelf break. These anticlines are 
covered by a sedimentary overburden exceeding 500 m, and characterised by a 
weak response of the seismic signal, which can be partly related to limited 
reflection imaging of steeply inclined surfaces (Lynn and Deregowski, 1981). The 
interlimb angles of the anticlines F18, I22 and F24 are around 100° (Figure 5). 
 
If set into a relative chronological order, the three different anticline types 
described above can be interpreted to document successive stages in the evolution 
of a deepwater fold in the NW Borneo fold-thrust belt: at the initial stage of fold 
development, the studied anticlines do not have a seafloor expression. 
Consequently, surface processes do not affect folding. Further growth of the thrust-
hangingwall folds initiates the development of seafloor relief. Commonly, thrust-
related piggyback basins form in the backlimb domain, trapping incoming sediment. 
Depending on the effectiveness of these basins as local depocentre, sedimentary 
loading can accelerate minibasin subsidence locally rotating the underlying thrusts. 
With ongoing contraction and syn-tectonic sedimentation, bending stresses produce 
arrays of normal faults at the anticline crests. Further anticline growth and syn-
kinematic sedimentation result in forelimb (and locally backlimb) oversteepening, 
enabling slope failure. In cases where the fold-interlimb angles have passed a 
critical value of around 130° (Figure 5), slope degradation occurs. In the final stage 
of anticline development, the backlimb accommodation for sediments derived from 
the shelf is filled and the folds become deeply buried. 
 
6. Structural restoration 
In order to evaluate the validity of the seismic-based structural and stratigraphic 
interpretation, reconstruct the tectonic evolution of the NW Borneo deepwater fold-
thrust belt between the development of seismic units U2 to U5, and measure 
deformation associated with deepwater folding and thrusting, a series of 2D 
Chapter 3 Deepwater folding and thrusting 67
geometric restorations (unit per unit, from young to old) was carried out on seismic 
lines BGR86-12, BGR86-14, BGR86-18, BGR86-20, BGR86-22 and BGR86-24 
Figures 2 to 4). The retro-deformation work included 1) the fault-by-fault 
restoration of the thrust displacement 2) a fold-by-fold unfolding, 3) a unitwide 
decompaction and 4) a unit-wide isostatic correction (Figure 6). It was assumed 
that there was no significant transport of material into or out of the individual 
section planes. 
 
 
Figure 6: Schematic illustration of the geometric restoration approach used for this study. 
(A) Representative interpretation of a fault-related fold. Dashed circles mark the fault-
horizon intersections on footwall and hanging-wall sides. (B) Section after fault restoration 
balancing displacement of top horizon.  (C) Flexural-slip unfolding of top horizon. Underlying 
surfaces are carried with the top surface along same movement vectors as it is deformed 
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with the flexural-slip algorithm. (D) Target fold after removal of restored sedimentary unit 
followed by decompaction and isostatic correction. 
 
For fault restoration, a Trishear algorithm sensu Erslev (1991) was used in which 
fault displacement was accommodated by heterogeneous shear in a triangular zone 
radiating from the fault tip line (Figure 6A). After each step of restoring a hanging-
wall horizon cut-off to its position before faulting, remnant folding of the target 
horizon was balanced using flexural slip sensu Griffiths et al. (2002; see Figure 6B). 
This two-step fault-restoration/unfolding approach was carried out systematically 
within each stratigraphic unit starting at the deepwater deformation front and 
progressively moving landwards. Fault displacement, throw, heave, fold-related 
shortening and total shortening was measured incrementally along each section. 
Complete fault restoration and unfolding within each stratigraphic unit was followed 
by a section-wide decompaction sensu Sclater and Christie (1980) and an isostatic 
correction sensu Burov and Diament (1982). 
 
Figures 7 shows two representative examples of the unit-per-unit restoration of the 
NW Borneo deepwater fold-thrust belt based on the geometric retro-deformation of 
seismic lines BGR86-14 (northern study area; Figure 7A) and BGR86-24 (southern 
study area; Figure 7B) with Pin 1 as fix point. Figure 8 summarizes the restoration 
results of all sections of this study documenting total shortening of each section as 
well as incremental shortening during times of the development of stratigraphic 
units U2, U3 and U4. The total shortening values measured across the ca. 120-km-
wide study area range from 8 to 13 km per section (Figure 8). Low total shortening 
is observed in the very north (8 km; line BGR86-12) and very south of the study 
area (10 km; line BGR86-24). From south to north, total shortening increases from 
10 km (line BGR86-24) to a maximum of 13 km at line BGR86-22. Shortening 
decreases 20 to 40 km northwards to 12 km (lines BGR86-20 and BGR86-18). At 
line BGR86-14, total shortening was determined to be 10.5 km, before reaching a 
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minimum of 8 km at line BGR86-12. If broken into incremental steps, the spatial 
distribution of shortening remains non-uniform, but shortening increases through 
time (Figure 8). 
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Figure 7: (A) Structural restoration of depth-migrated seismic section BGR86-14 (northern 
part of the study area) using pin 1 as fix point. Upper line drawing illustrates the present-day 
geological situation with a 78.5-km-distance between the deepwater deformation front (pin 1 
at the upper tip of the youngest thrust fault) and the present-day shelf edge (pin 2). The 
cartoon below shows the interpreted section after the complete fault restoration and 
unfolding of the top of unit U4, including decompaction and isostatic correction; restored 
cross section length between pin 1 and pin 2 is 83.5 km (5 km shortening). The third panel 
illustrates the section after retro-deformation, decompaction and isostatic correction of the 
top of unit U3; restored cross-section length between pins 1 and 2 is 86 km (2.5 km 
incremental shortening). The fourth cartoon shows section BGR86-14 after geometric 
restoration, decompaction and isostatic correction of the top of unit U2, finally restoring the 
cross-section to a length of around 89 km between pins 1 and 2 (3 km incremental 
shortening, 10.5 km total shortening). The change in basement dip (top unit U1) between 
the present-day and final restored geological situation is a result of the sequential isostatic 
compensation after each restoration step. Colours as in Figure 2. (B) Structural restoration of 
depth-migrated seismic section BGR86-24 (southern part of the study area) using pin 1 as 
fix point. Top panel illustrating the present-day geological situation with an 86-km-distance 
between the deepwater deformation front (pin 1) and the present-day shelf edge (pin 2). 
Second panel shows the interpreted section after complete retrodeformation, decompaction 
and isostatic correction. Fault restoration and unfolding has restored the distance between 
pins 1 and 2 to 91.5 km (5.5 km shortening). The third cartoon shows the balanced section 
after retro-deformation, decompaction and isostatic correction of the top of unit U3; restored 
cross-section length between pins 1 and 2 is 93.5 km (2 km incremental shortening). The 
fourth panel shows section BGR86-24 after tectonic balancing, decompaction  and  isostatic  
correction of the top of unit U2; this finally restores the cross-section to a length of around 
96 km between pins 1 and 2 (2.5 km incremental shortening, 10 km total shortening). 
 
The results of the fault restoration and unfolding of six regional shelf-to-basin 
sections across the NW Borneo deepwater fold-thrust belt offshore Sabah indicate a 
significant regional variation in both total and incremental shortening through time. 
We consider the observed shortening variations between the individual transects as 
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valid, although absolute shortening values might carry an error of up to 15 % 
taking into account seismic-processing uncertainties (i.e. depth migration), horizon-
interpretation errors (i.e. across-fault and –fold correlations) or uncertainties during 
restoration (included in Figure 8). Based on the stratigraphic approximation used 
for horizon and unit interpretation, we calculate a shortening of 1 to 3 km from 
each reconstructed section until Early Pliocene times (base U3). Between the Early 
and Late Pliocene, incremental shortening varies throughout the study area ranging 
between 2 km and 4 km. Since the Late Pliocene, the study area seems to have 
undergone a major shortening pulse recording shortening values of 5 to 7 km, with 
the maximum located in the central part of the study area between lines BGR86-22 
and BGR86-18. Despite a large Pliocene to recent sediment influx from the shelf to 
the continental slope (Sandal, 1996; Petronas, 1999; Van Rensbergen and Morley, 
2000), the stepped topography of the fold-belt is not levelled-out on the modern 
seafloor (Figures 2 to 4; also see detailed 3D-seafloor images of Morley, 2007; Gee 
et al., 2008; Morley and Leong, 2008), indicating that many folds and faults in the 
study area are active today. 
 
Figure 8: Shortening values calculated by geometric restoration for three incremental time 
steps: shortening recorded between the Late Pliocene and recent is 5 to 7 km (green line, 
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calculation based on restoration of base U5), shortening between the Early Pliocene to Late 
Pliocene is 2 to 4 km (blue line, calculation based on restoration of base U4), and shortening 
between latest Miocene times and the Early Pliocene is between 1 and 3 km (red line, 
calculation based on restoration of base U3). The total shortening calculated for latest 
Miocene to recent times ranges between 8 and 13 km (black line). 
 
7. Discussion 
Figure 9 is a synoptic plot of (1) the Late Pliocene to recent deepwater shortening 
in the study area (Figure 9A); (2) estimates of Late Pliocene to recent shelfal 
extension offshore Sabah (Figure 9B; extension data from Hesse et al., 2009); (3) 
the calculation of shortening unrelated to shelf extension, based on the subtraction 
of the Late Pliocene to recent shelfal extension values from the calculated Late 
Pliocene to recent deepwater shortening values (Figure 9C); (4) the observed 
quantity of deepwater thrusts per section (Figure 9D); and (5) the landward change 
of the interlimb angles of the youngest folds along each seismic section, measured 
between the present-day deformation front and an arbitrary point located 20 km 
landwards, respectively (Figure 9E). A comparison of Figures 9A and 9B documents 
an overall balance between deepwater shortening and shelfal extension in the very 
south of the study area (line BGR86-24), suggesting that extension driven by 
shallow-water delta tectonics is transferred to the continental slope serving as 
primary control for deepwater shortening. However, shelfal extension significantly 
decreases towards the north, causing an imbalance between shallow-water shelf 
extension and deepwater compression (Figure 9C). The resulting surplus of 
shortening in this part of the study area can be interpreted as indicating a 
northward increase of basement-driven shortening (sensu Hesse et al., 2009). In 
this case, the apparent decrease in deepwater shortening (Figure 9A) and 
shortening unrelated to shelf extension (Figure 9C) between lines BGR86-18 and 
BGR86-12 could stem from the lack of neo-tectonic shortening data from the folded 
and thrusted sediments of nearshore and onshore Sabah around Kota Kinabalu 
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(Hamilton, 1979; Tongkul, 1997), or the incomplete tectonic balancing of possible 
faults and folds that might occur below the high-velocity body of seismic line 
BGR86-12 (Figure 2). A different cause for the imbalance between shallow-water 
shelf extension and deepwater compression in the northern study area (Figure 9C) 
might be suggested by the presence of the 4095 m high granite peak of Mt. 
Kinabalu within 50 km of the present-day Sabah coast, approximate 150 to 200 km 
off the NW Borneo deepwater fold-thrust belt (Figures 1 and 10). If assuming a 
considerable late Neogene to recent uplift centred on the Mt. Kinabalu region 
(Figure 10), the offshore areas at the foot of this structure might have received 
compressional stress related to a regional, gravity-driven re-adjustment of the 
sedimentary overburden. The interference of such an uplift-related compressional 
regime with the typical delta-toe folding and thrusting observed further south might 
be ultimately responsible for the complexity of the modern stress-field documented 
in both the deepwater and shelf areas offshore NW Borneo (Tingay et al. 2005; 
King et al. 2009). 
 
Figure 9: (A) Incremental Late Pliocene to recent deepwater shortening values calculated by 
structural restoration. (B) Values for Late Pliocene to recent shelfal extension from Hesse et 
al., 2009. (C) Surplus of compression calculated by subtracting shelfal extension (B) from 
calculated deepwater shortening (A). The Late Pliocene to recent compressional surplus can 
be interpreted as reflecting ongoing basement-driven compression, or large-scale 
gravitational sliding related to regional uplift of the Mt. Kinabalu area (see Figs. 1 and 10). 
(D) Total amount of interpreted deepwater thrusts per section. (E) Change of the interlimb 
angles of the youngest anticlines per section, measured between the present-day 
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deformation front and an arbitrary location 20 km landward. 
 
Apart from the restoration balance and imbalance discussed above, Figures 9D and 
9E document significant variations in structural styles between the northern and 
southern parts of the study area, with the maximum of thrusts and associated folds 
in the very north of the study area, a location that coincides with the maximum 
along-line change in fold-interlimb angles. Deepwater folds and thrusts in the 
southern part are fewer, generally wider-spaced and the along-line changes in 
interlimb angles are less (Figure 9E). If extended further towards the south into the 
deepwater areas offshore Brunei Darussalam, the general southward decrease of 
anticline and thrust frequency is even more pronounced, with only three clear 
deepwater folds developed offshore the Baram Delta (Morley, 2007; Gee et al., 
2008). An explanation for these differences is that factors other than shortening 
contribute to the structural development of the studied deepwater folds and 
thrusts, such as intra-formational rock inhomogeneity, irregular basement 
topography or a pronounced lateral variation in sediment input. Concerning intra-
formational rock inhomogeneity, the high frequency of faults and folds in the north 
(Figures 2 and 9D) can be possibly interpreted as the geometric consequence of the 
presence of the high-velocity rock body (carbonate body or up-thrusted basement?) 
on the upper slope that acted as a rigid obstacle during folding and thrusting. A 
similar approach that takes the local geological conditions into account can be used 
if prominent irregularities of the acoustic basement are present. E.g., the 
occurrence of basement peaks on lines BGR86-14 (Figure 2) and BGR86-22 (Figure 
4) seems to correspond with the preferential appearance of the very recent, 
smoothly rounded thrust-front anticlines that have not yet developed a seafloor 
relief. This coincidence suggests a relation between the occurrence of local 
basement highs and the preferred position of the initiation of deepwater folds. A 
third important factor influencing the structural style of the deepwater folds and 
thrusts is the variability of the influx of sediment into the fold-thrust belt. The 
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southern part of the study area contains both on the shelf and on the continental 
slope the thickest Pliocene to recent sediment accumulation (e.g. Figure 4), whilst 
the northern study area accumulated significantly less material (e.g. Figure 2). 
Consequently, the development of many folds of the southern study area was 
strongly affected by syn-tectonic sedimentation, as recorded by thick piggy-back 
basin successions. If significantly varying through space and time, differential 
loading of these individual depocentres might exert a considerable influence on the 
development of laterally varying fold geometry, the preservation or degradation of 
individual anticlines, and possibly the lateral stress distribution within the 
deepwater wedge. 
 
Figure 10: Map of the greater NW Borneo study area (for location see Fig. 1A), illustrating 
the region possibly influenced by late Neogene uplift centred on Mt. Kinabalu (dashes circles, 
maximum radius shown is 200 km). Downslope shelf and onshore areas that record 
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significant Neogene inversion (Morley et al. 2003) are indicated by red stripes. The spatial 
distribution  of  the  inversion  provinces  of  NW  Borneo  indicates  a  possible  relation  
between the Mt. Kinabalu uplift and downslope basin inversion; however, the amount of 
uplift-related downslope compression transferred into the NW Borneo deepwater fold-thrust 
belt cannot be quantified. 
 
8. Conclusions 
Regional 2D seismic data of the deepwater NW Borneo fold-thrust belt has been 
interpreted and geometrically balanced in order to investigate the development of 
deepwater folds and thrusts in response to crustal shortening. Key results of this 
study are:  
 
Three different types of thrust hanging-wall folds occur in the deepwater fold-thrust 
belt: folds characterised by large interlimb angles that lack a seafloor expression; 
folds with medium interlimb angles that show a clear seafloor expression and 
normal faulting in the crest; and folds with small to medium interlimb angles, a 
clear seafloor expression, and intensive crestal faulting associated with partial 
crestal failure. Each fold type seems to represent a distinct phase in the fold 
evolution between fold initiation and maturity. Measurements of the geometry of 
deepwater anticlines indicate that values of the fold interlimb-angle serve as a 
robust estimate for the maturity of a fold, with the youngest folds exhibiting the 
widest, the oldest folds the narrowest interlimb angles. 
 
Along the NW Borneo fold-thrust belt, slope geometries and structural styles vary 
significantly. The northern study area exhibits a multitude of steep, thrust-related 
fold anticlines that are closely-spaced (average distance 2 to 5 km) and commonly 
asymmetric. Associated thrusts range in dip from 30° near the present-day thrust 
front to 60° a few tens of kilometers landward. In contrast, the folds in the 
southern part of the study area are generally fewer, wider-spaced (distance 4 to 15 
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km) and associated with thrust faults dipping between 15° near the deformation 
front and 40° below the present-day shelf edge. Total shortening measured along 
six regional shelf-to-basin transects across the NW Borneo deepwater fold-thrust 
belt ranges between 8 and 13 km. These values represent the sum of shortening 
calculated geometrically for three incremental time steps, Late Pliocene to recent (5 
– 7 km per section), Early Pliocene to Late Pliocene (2 – 4 km per section), and 
Miocene to Early Pliocene (ca. 3 km per section). The restoration results indicate 
that total shortening generally increases through time. The seafloor expression of 
active folds indicates significant recent tectonic activity of deepwater faults and 
folds. 
 
A synoptic comparison of the shortening data derived from geometric restoration 
with data on shelf extension, fold and thrust frequency and the rate of change of 
fold-interlimb angles indicates that factors other than shortening potentially 
contributed to deepwater folding and thrusting. These include the presence of rigid 
subsurface obstacles (major rock inhomogeneities within the deforming wedge; 
non-uniform basement topography) and lateral variations in the sedimentary fill of 
the submarine fold-thrust belt, parameters that can vary significantly depending on 
the individual fold-thrust location studied.  
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